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ABSTRACT 
 
This thesis focuses on the fabrication of one-dimensional ZnO and SnO2 based 
nanostructures with various morphologies by a single-step carbon-assisted thermal 
evaporation process and investigates their gas sensing properties. A mixture of zinc 
oxide, tin oxide and carbon powders was used as a source material which was loaded in 
a quartz boat and placed at the center of a tube furnace. A gold coated alumina substrate 
was placed next to quartz boat at downstream of gas flow direction. The furnace was 
heated to a particular growth temperature for a certain time while maintaining a constant 
flow of purified Ar gas. Grey and white fluffy deposits formed on Au coated alumina 
substrate and at the side and top of the quartz boat, respectively. The deposits collected 
from alumina substrate and the quartz boat were examined and found to be 
nanostructured in nature. The effects of different parameters such as growth temperature 
(800 - 950 °C), growth time (15 min - 120 min) and distance between the source and 
alumina substrate (3 cm - 12 cm) on the structure of the deposits were studied. 
Crystallographic phase, microstructure and elemental composition of nanostructures 
were investigated by X-ray diffractometer (XRD), field-emission scanning electron 
microscopy (FESEM) and transmission electron microscopy (TEM) equipped with an 
energy dispersive X-ray spectroscopy (EDS). The crystalline quality of samples was 
analysed by photoluminescence spectroscopy (PL). The nanostructures were used to 
fabricate resistor-type sensors on a gold interdigitated alumina substrate. The gas 
sensing properties of these nanostructures based sensors were studied by measuring 
their sensitivity towards methane, hydrogen, ethanol and carbon monoxide over 
different gas concentrations and operating temperatures. Results show that single-
crystalline Zn2SnO4 nanowires grew at 834 °C on the Au coated alumina substrate. 
Nanowires have an average diameter of about 15 to 80 nm and length ranging from two 
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to several tens of micrometers. The white fluffy mass found on a quartz boat exhibited 
SnO2-core/ZnO-shell nanowires as well as hierarchical nanostructures. Nanostructures 
deposited on the quartz boat consisted of pristine SnO2 nanowires with a rectangular 
cross-section, SnO2-core/ZnO-shell nanowires and SnO2-core/ZnO-shell hierarchical 
nanostructures at a growth time of 15 min, 30 min, and exceeding 60 min, respectively. 
The hexagonal shape of ZnO branches grew on the ZnO shell layer in the hierarchical 
nanostructures. Growth mechanisms of Zn2SnO4 nanowires and SnO2-core/ZnO-shell 
nanostructures are suggested. Zn2SnO4 nanowires based sensors showed excellent 
sensitivity and selectivity towards ethanol with quick response and recovery times. 
SnO2-core/ZnO-shell hierarchical nanostructures deposited at 90 min exhibited 5 folds 
enhanced sensitivity than that of pristine SnO2 nanowires towards 20 ppm ethanol at 
400 °C. This improvement in ethanol sensitivity was attributed to highly active sensing 
sites and the synergistic effect of the encapsulation of SnO2 by ZnO nanostructures. 
SnO2-core/ZnO-shell hierarchical nanostructures grown for 90 min showed higher 
sensitivity of 76 compared with Zn2SnO4 nanowires based sensor of 60.8 for 100 ppm 
ethanol. Specifically, SnO2-core/ZnO-shell hierarchical nanostructures prepared by the 
single carbon assisted thermal evaporation method are promising candidates for the 
detection of ethanol with high sensitivity and selectivity against other gases. 
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ABSTRAK 
 
Tesis ini memberi tumpuan kepada penghasilan nanostruktur satu-dimensi berasaskan 
ZnO dan SnO2 dengan pelbagai morfologi melalui proses penyejatan haba satu-langkah 
dengan bantuan karbon dan menyiasat ciri-ciri pengesanan gas mereka. Campuran zink 
oksida, timah oksida dan serbuk karbon telah digunakan sebagai bahan sumber yang 
telah dimuatkan di dalam bot kuarza dan diletakkan di tengah-tengah sebuah relau tiub. 
Sebuah substrat alumina bersalut emas diletakkan di sebelah bot kuarza di hilir arah 
aliran gas. Relau dipanaskan pada suhu pertumbuhan untuk masa yang tertentu di 
samping mengekalkan kadar aliran gas Ar tulen. Deposit berwarna kelabu dan putih 
bergebu terbentuk di substrat alumina bersalut Au serta di sisi dan atas bot kuarza, 
masing-masing. Deposit yang dikumpul daripada substrat alumina dan bot kuarza telah 
diperiksa dan didapati bernanostruktur. Kesan-kesan parameter seperti suhu 
pertumbuhan (800-950 °C), masa pertumbuhan (15 min - 120 min) dan jarak di antara 
sumber dan alumina substrat (3 cm - 12 cm) pada struktur deposit telah dikaji. Fasa 
kristalografi, mikrostruktur dan komposisi unsur struktur-struktur nano telah disiasat 
oleh X-ray diffractometer (XRD), field-emission scanning electron mikroskopi 
(FESEM) dan transmission electron mikroskopi (TEM) dilengkapi dengan energy 
dispersive X-ray spektroskopi (EDS). Kualiti kristal sampel dianalisis dengan 
photoluminescence spektroskopi (PL). Struktur-struktur nano tersebut digunakan untuk 
menghasilkan sensor jenis-perintang pada substrat alumina interdigitated emas. Sifat-
sifat pengesanan gas sensor berasaskan struktur-struktur nano ini dikaji dengan 
mengukur kepekaan mereka terhadap metana, hidrogen, etanol dan karbon monoksida 
dengan kepekatan gas dan suhu operasi yang berbeza. Keputusan menunjukkan 
nanowayar Zn2SnO4 kristal-tunggal ditumbuhkan pada 834 °C atas substrat alumina 
bersalut Au. Nanowayar tersebut mempunyai diameter purata kira-kira 15-80 nm dan 
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panjang di antara dua hingga beberapa puluh mikrometer. Jisim gebu berwarna putih 
ditemui pada bot kuarza menunjukkan struktur nanowayar SnO2-teras/ZnO-shell serta 
struktur-struktur nano hierarki. Nanostruktur yang didepositkan pada bot kuarza terdiri 
daripada nanowayar SnO2 dengan keratan rentas segi empat tepat, nanowayar SnO2-
teras/ZnO-shell dan SnO2-teras/ZnO-shell nanostruktur hierarki pada masa 
pertumbuhan 15 min, 30 min, dan melebihi 60 min, masing-masing. Cawangan ZnO 
berbentuk heksagon tumbuh pada lapisan shell ZnO dalam struktur-struktur nano 
hierarki. Mekanisme pertumbuhan nanowayar Zn2SnO4 dan struktur-struktur nano 
SnO2-teras/ZnO-shell adalah disyorkan. Sensor berasaskan nanowayar Zn2SnO4 
menunjukkan sensitiviti dan pemilihan yang sangat baik terhadap etanol dengan tindak 
balas dan masa pemulihan yang cepat. SnO2-teras/ZnO-shell nanostruktur hierarki  
didepositkan untuk 90 min menunjukkan peningkatan sensitiviti 5 kali ganda 
berbanding dengan nanowayar SnO2 terhadap 20 ppm etanol pada 400 °C. Peningkatan 
dalam sensitiviti etanol adalah disebabkan oleh laman sensing yang sangat aktif dan 
kesan sinergi daripada pengkapsulan SnO2 dengan nano ZnO. SnO2-teras/ZnO-shell 
nanostruktur hierarki yang ditumbuh selama 90 min menunjukkan kepekaan yang lebih 
tinggi, 76 berbanding dengan nanowayar berasaskan Zn2SnO4, 60.8 bagi 100 ppm 
etanol. Secara khusus, SnO2-teras/ZnO-shell nanostruktur hierarki yang disediakan 
melalui kaedah penyejatan haba satu-langkah dengan bantuan karbon merupakan calon 
yang menjanjikan untuk mengesan etanol dengan sensitiviti yang tinggi serta 
mempunyai pemilihan keutamaan terhadap etanol berbanding gas-gas lain. 
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Figure 4.2 Schematic representation of formation of nanostructures at 
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scan trajectory, (b) Integrated EDX spectrum of the nanowire, 
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and (c) Integrated peak counts as a function of spot position for 
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Figure 4.10 (a) STEM image of an Zn2SnO4 nanowire, (b) Integrated EDX 
spectrum of the nanowire, (c) Magnified image of the mapping 
area indicated by box in (a), The colour maps demonstrating 
the spatial distribution of different elements, (d) Zn, (e) O, and 
(f) Sn, which are labelled in blue, red, green, respectively. 
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shows the enlarged view of photoluminescence spectrum of 
Zn2SnO4 nanowires recorded by increased power source of 10 
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Figure 4.12 Schematic diagram of growth of Zn2SnO4 nanowires on 
Au/alumina substrate [adapted from Jie et al., 2004]. 
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Figure 4.13 Phase diagram for the GaO1.5-SnO2-ZnO system at 1250 °C 
(Palmer & Poeppelmeier, 2002). 
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various growth times (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 
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Figure 4.15 XRD patterns of SnO2/ZnO nanostructures obtained at 
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15 min, (b) 30 min, (c) 60 min, (d) 90 min, and (e) 120 min. 
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Figure 4.16 FESEM images of SnO2-ZnO nanostructures obtained at 
different growth time at a furnace temperature of 900 °C: (a) 
15 min, (b) 30 min, (c) 60 min, (d) 90 min, and (e) 120 min. 
 
 
 
95 
 
Figure 4.17 FESEM micrographs of a single SnO2/ZnO nanostructure 
obtained at different growth time at a furnace temperature of 
900 °C: (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 min, and (e 
and f) 120 min. 
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Figure 4.18 (a) STEM image of SnO2/ZnO nanowire grown at 15 min 
showing the linescan trajectory, (b) Integrated EDX spectrum 
of the nanowire, and (c) Integrated peak intensities as a 
function of spot position for Zn, Sn and O peaks. 
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Figure 4.19 (a) STEM image of SnO2/ZnO nanowire grown at 15 min, (b)  
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Integrated EDX spectrum of the nanowire, (c) Magnified 
image of the mapping area indicated by box in (a), The colour 
maps demonstrating the spatial distribution of different 
elements, (d) Sn, and (e) O which are labelled in green, red,  
respectively. 
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Figure 4.20 (a) Low magnification TEM images of a single SnO2 nanowire 
deposited at 15 min, and (b) HRTEM image of SnO2 nanowire. 
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Figure 4.21 (a) STEM image of SnO2/ZnO nanowire grown at 30 min 
showing the linescan trajectory, (b) Integrated EDX spectrum 
of the nanowire, and (c) Integrated peak intensities as a 
function of spot position for Zn, Sn and O peaks. 
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Figure 4.22 (a) STEM image of SnO2/ZnO nanowire grown at 30 min, (b) 
Integrated EDX spectrum of the nanowire, (c) Magnified 
image of the mapping area indicated by box in (a), The colour 
maps demonstrating the spatial distribution of different 
elements, (d) Zn, (e) O, and (f) Sn which are labelled in blue, 
red, green, respectively. 
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Figure 4.23 (a) Typical low magnification TEM images of a single SnO2-
core/ZnO-shell nanowire deposited at 30 min, (b) HRTEM 
image of SnO2-core/ZnO-shell nanowire. 
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Figure 4.24 (a) STEM image of hierarchical SnO2/ZnO nanostructure 
grown at 120 min showing the linescan trajectory of backbone 
nanowire, (b) Integrated EDX spectrum of the backbone 
nanowire, and (c) Integrated peak intensities as a function of 
spot position for Zn, Sn and O peaks. 
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Figure 4.25 (a) STEM image of hierarchical SnO2/ZnO nanostructure 
grown at 120 min, (b) Integrated EDX spectrum of the 
backbone nanowire, (c) Magnified image of the mapping area 
indicated by box in (a), The colour maps demonstrating the 
spatial distribution of different elements,(d) Zn, (e) O, and (f) 
Sn which are labelled in blue, red, green, respectively. 
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Figure 4.26  (a) STEM image of hierarchical SnO2/ZnO nanostructure 
grown at 120 min showing the linescan trajectory of branch, 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background  
Solid-state resistive-type single metal oxide gas sensors (SMOGS) have been widely 
used in applications ranging from health and safety (Barreca et al., 2007; Comini et al., 
2002; Kim et al., 2007b; Zampiceni et al., 2003; Zhang & Zhang, 2008a) to energy 
efficiency and emission control in combustion processes (Comini et al., 2001; Zhu et 
al., 1996). These sensors are attractive because of their high sensitivity, low cost, 
compatibility and simplicity with modern electronic devices. SMOGS are typically 
designed to be compact in size, portable and able to integrate easily with the 
environment in gas sensing applications (Miller et al., 2014). Until now, several metal 
oxides including TiO2, In2O3, WO3, ZnO, TeO2, CuO, SnO2 and NiO are used in 
resistive-type SMOGS (Arafat et al., 2012). However, resistive-type SMOGS generally 
have the disadvantage of poor selectivity between gases, low sensitivity and high 
operating temperature (Arafat et al., 2014).  
 
Several approaches have been used to improve the sensitivity and selectivity of these 
single metal oxides (Yamazoe, 2005). These  include  addition of noble metals (Kim et 
al., 2011; Penza et al., 2009; Shen et al., 2014; Yang et al., 2010), doping of metal 
oxide catalyst (Nanto et al., 1996; Qi et al., 2008), developing composite metal oxides 
consisting of binary or ternary phase metal oxide systems (Tang et al., 2006b; Yu & 
Choi, 2001), and development of nanostructures with different morphologies (Khoang 
et al., 2012a; Xu et al., 2013; Zhang et al., 2012; Zhang et al., 2009). Among the 
approaches used, tailoring of composite metal oxides with different morphologies 
presents a good potential for tuning the sensitivity and selectivity during gas sensing. 
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Many recent studies have shown that the selectivity and operating temperature of 
resistive-type metal oxide gas sensors can be improved through the use of composite 
metal oxides (Chen et al., 2008; Choi et al., 2013; Kim et al., 2007a; Zhu et al., 2009). 
Nano-heterostructure is one of the ways to improve the sensitivity of composite metal 
oxides. A heterojunction is often referred to as the physical interface between two 
different materials, and the material including these two constituents is known as a 
heterostructure. The Fermi levels across the interface can equilibrate to the same energy 
by creating electrical contact at the interface between two different semiconducting 
materials (Chen et al., 2011). Charge transfer at the interface between two dissimilar 
materials results in the formation of a charge depletion layer. This is the basis for 
unique effects that can lead to increased sensor performance (Miller et al., 2014). 
Further, variation can happen by having two different materials in close vicinity when 
exposed to the gas due to synergistic reaction. Synergistic reaction is referred to as 
when the gas may react with one material most freely, and this reaction by-product may 
react with the second material in order to complete the reaction (Wang et al., 2010). 
Nano-heterostructures are often used in gas sensors because their small dimensions and 
high surface-to-volume ratios increase the sensing performance  (Choi et al., 2013). 
Some other factors also attributed to the improvements in sensing performance of these 
metal oxide composites. It includes band bending due to Fermi level equilibration 
(Kusior et al., 2012), depletion layer manipulation (Wang et al., 2012), increased 
interfacial potential barrier energy (Wang et al., 2010), decrease in activation energy 
(Gu et al., 2012), charge carrier separation (Yu et al., 2012), targeted catalytic activity 
(Rumyantseva et al., 2006) and synergistic surface reactions (de Lacy Costello et al., 
2003) and geometrical effects such as grain refinement (Chen et al., 2006) and surface 
area enhancement (Liangyuan et al., 2008). The control the sensing behaviour of these 
heterostructures is essential in this field for understanding the mechanism. 
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Among the metal oxide used, ZnO and SnO2 are wide band gap n-type semiconductor 
materials. According to the literature, ZnO/SnO2 based nanostructures have been mostly 
synthesized by two-step fabrication process (Cheng et al., 2009; Pan et al., 2012; Park 
et al., 2013a), and extensively used in various applications such as, transparent 
electrode, photovoltaic, light emitting diodes, field emission transistor and energy 
harvesting due to their great potential properties (Özgür et al., 2005). Stoichiometric 
nature of each varies significantly. Generally SnO2 is highly stoichiometric, while ZnO 
has defects in structure (Demir-Cakan et al., 2008). Due to this behaviour, 
chemisorption of oxygen is high on ZnO than on SnO2, and SnO2 enhances the 
desorption process in gas sensing performance by transferring electron from SnO2 to 
ZnO (Lu et al., 2012; Park et al., 2013a).  
 
Monitoring volatile organic compounds is a growing need in many industries due to 
possible health and safety concerns (Wang et al., 2007). In numerous applications, 
ethanol sensors are being used to monitor chemical reactions, biomedical productions, 
quality control of foods, and breath analysis (Andrei Kolmakov et al., 2003; Timmer et 
al., 2005). Increased usage of ethanol raises concerns over groundwater pollution 
(Freitas et al., 2010) and explosion hazards (Powers et al., 2001). Thermodynamic 
analysis shows that ethanol reforms to methane at moderate temperatures, while 
hydrogen and carbon monoxide rich gases are formed at high temperatures (400-700 
°C) (Fishtik et al., 2000; Galvita et al., 2001; Vasudeva et al., 1996). For this reason, 
the need for selective sensing of ethanol at high temperatures in presence of hydrogen, 
carbonmonoxide and methane is important. Thus, this thesis contributes the single-step 
process of ZnO and SnO2 based nanostructures for gas sensing applications. 
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1.2 Research Objectives  
The objectives of this research are listed as below: 
(1) To study the growth of zinc oxide (ZnO) and tin oxide (SnO2) based 
nanostructures via a single-step carbon assisted thermal evaporation process. 
(2) To investigate the structural, optical and gas sensing properties of the zinc oxide 
and tin oxide based nanostructures. 
(3) To fabricate gas sensors based on zinc oxide and tin oxide nanostructures. 
(4) To evaluate the performance of nanostructures based gas sensors for several 
target gases. 
 
1.3 Scope of Research 
The overall scope of this research is to prepare ZnO and SnO2 based nanostructures by a 
single-step process and fabricate gas sensors with high sensitivity and selectivity 
towards ethanol. Mechanism for nanostructures growth and sensing mechanism for gas 
sensors based on nanostructures are proposed. 
 
Numerous analytical techniques were used to characterize the nanostructures. The data 
obtained from this research work were also analysed and compared with other published 
work. The phase, microstructure and elemental composition of nanostructures were 
investigated by X-ray diffractometer, field emission scanning electron microscopy and 
transmission electron microscopy equipped with energy dispersive X-ray spectroscopy. 
The crystalline quality of the nanostructures was analysed by photoluminescence 
spectroscopy. The fabricated Zn2SnO4 nanowire and SnO2-core/ZnO-shell 
nanostructure-based gas sensors were tested for various reducing gas environment.  
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1.4 Organization of Thesis  
This thesis is arranged in the following order. In Chapter 1, a brief introduction to this 
research work is provided. This chapter states the background of the metal oxide 
nanostructures and their synthesis, gas sensing properties of metal oxide nanostructures, 
the current technical problems in this field, research objectives and the scope of this 
research.  
In Chapter 2, a comprehensive overview of the existing literature on various topics 
related to this research is provided. The topics discussed include the properties of ZnO, 
SnO2 and Zn2SnO4, chemical gas sensing, sensing parameters, sensor designs, 
limitations of pristine metal oxide sensors, mixed metal oxide sensing materials and 
fabrication methods, thermodynamics and phase equilibriums of ZnO, SnO2 systems.  
In Chapter 3, the synthesis process of ZnO-SnO2 based nanostructures by using single-
step carbon-assisted thermal evaporation process is described. It includes the 
preparation of raw materials, procedures for substrate preparations, characterization 
techniques, process of sensor fabrication, and procedure for sensor measurements used 
in this research.  
In Chapter 4, the results obtained from the experimental work by varying growth time, 
mass ratio of source mixture, temperature and deposition position are discussed. Gas 
sensing properties of volatile organic compound (ethanol), hazardous gas (CO) and 
other environment gases (H2, CH4) are also described. The obtained results are analysed 
and compared with the other published literature. The growth mechanism of 
nanostructures as well as suggested sensing mechanism is also proposed.  
In Chapter 5, the summary of the research findings are given through the synthesis 
process and gas sensing properties. The recommendation of the future works is also 
outlined. 
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CHAPTER 2 
LITERATURE REVIEW 
 
This chapter explains the properties of zinc oxide and tin oxide based nanostructures, 
type of gas sensors and principle of operation of gas sensor. This chapter also reviews 
previous work in gas sensors based on ZnO-SnO2 and Zn2SnO4 nanostructures in 
particular. 
 
2.1 Metal Oxide Nanostructures and Their Applications 
With the continuous advancement of metal oxide and semiconductor nanostructures, a 
series of techniques have been developed to fabricate various functional oxides (ZnO, 
SnO2, In2O3, CuO and TiO2) based nanostructures. These techniques range from 
solution phase approach to vapour phase approach. These methods lead to design of 
various nanostructures from thin film, thick film, nanoparticles and one dimensional 
nanostructures followed by hierarchical nanostructures. Recently, one dimensional 
nanostructures and hierarchical nanostructures have attracted considerable interests than 
thick and thin film due to their potential applications in various fields and increased 
surface area of nanostructures. These nanostructures have been used in energy, 
environmental and sensing sectors in advanced nanodevices and nanosystems. This 
section mainly focuses on past literature related to SnO2 and ZnO based nanostructures 
for gas sensing.  
 
2.2 Nanostructures Based on Zinc Oxide and Tin Oxide 
Both binary and ternary semiconductive metal oxides have been extensively researched 
for various application purposes. The most extensively studied photovoltaic and gas 
sensing materials are ZnO, SnO2 and Zn2SnO4. These three metal oxides are under the 
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categories of transparent semiconducting materials (Wang et al., 2004). Therefore, ZnO, 
SnO2, and Zn2SnO4 exhibit similar semiconductor properties against various scenarios. 
The overview of the physical properties of the zinc and tin based oxide is illustrated in 
Table 2.1.     
 
Table 2.1: Overview of the physical properties of the zinc and tin based oxides (Batzill 
& Diebold, 2005; Ellmer, 2001) 
 
Property ZnO SnO2 Zn2SnO4 
Mineral name Zincite Cassiterite - 
Crystal structure 
Hexagonal, 
wurtzite 
Tetragonal, 
rutile 
Face centered cubic, 
inverse spinel 
Space group P63mc P42mnm Fd3m 
Lattice constants [nm] 
a=0.325 
c=0.5207 
a=0.474 
c=0.319 
a=0.866 
Density (gcm
-3
) 5.67 6.99 6.42 
Melting point [°C] 2240 >1900 1550 
Band gap (300 K) [eV] 3.37 3.6 3.6 
 
 
2.2.1 Zinc Oxide (ZnO) 
Zinc oxide is one of the important semiconductive metal oxide materials in the field of 
nanotechnology. It belongs to the class of transparent conductive oxide (TCO), similar 
to semiconductive compounds like In2O3 and SnO2 (Ellmer, 2001). It possesses a direct 
wide-bandgap of about 3.37 eV at room temperature (300 K) and a large exciton 
binding energy (60 meV) (Chen et al., 2009; Norton et al., 2004). It falls under the 
group of n-type II-VI semiconductor. Besides, it has a hexagonal wurtzite crystal 
structure. ZnO is a promising material for photonic applications in the UV or blue 
spectral range due to high exciton binding energy, which allows the emission of exciton 
at room temperature (Djurišić & Leung, 2006). ZnO displays multiple functions in 
electrical, piezoelectric and optical properties (Zhang et al., 2005). One dimensional 
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ZnO nanostructures with a large surface area and quantum confinement effect has 
stimulated much attention (Chen et al., 2009; Zhang et al., 2009) owing to its potential 
applications in light emitting diodes (Guo et al., 2008), solar cells (Zhang et al., 2009), 
chemical sensors (Hsueh et al., 2007a), catalysts (Bae et al., 2009) and field effect 
transistors (Fan et al., 2004).  
 
It has also been suggested that ZnO exhibits sensitivity to various gas species, namely 
ethanol, acetylene, and carbon monoxide, which makes it suitable for sensing 
applications (Djurišić & Leung, 2006). Deep levels (DLs) affect the electrical and 
optical properties of ZnO, like other semiconductors. For example, resident and 
metallization-induced native defects were reported to severely degrade the potential 
barrier height of ZnO Schottky diodes. For optical applications of ZnO, DLs are 
responsible for the green luminescence (GL) of the obstacles for realizing ZnO light 
emitters (Ahn et al., 2008). Moreover, its piezoelectric property makes it suitable for 
electromechanical sensor or actuator applications. It is also biocompatible which makes 
it suitable for biomedical applications. 
 
ZnO have been so far extensively patterned through engineering designs into aligned 
arrays on various substrates in various forms and shapes (Qin et al., 2008) such as thick 
films (Wagh et al., 2006), thin films (Wöllenstein et al., 2003), heterojunctions (Mridha 
& Basak, 2006), nanoparticles (Huang et al., 2006) and nanowires (Wan et al., 2004). A 
few decades ago, one dimensional ZnO nanostructures have become the focus point in 
nanoscience and nanotechnology. The attention is mainly attributed to the capability of 
ZnO nanotubes in UV radiation absorption due to transitions between conduction and 
valence bands (Bae et al., 2009). Thus, ZnO is expected to perform as an excellent 
transparent conducting electrode in solar cells, flat panel displays, and as a window 
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material in antireflection coatings and optical filters. Recently, a variety of ZnO novel 
morphologies such as hierarchical nanostructures, bridge or nail-like nanostructures, 
tubular nanostructures, nanosheets, nanopropeller arrays, nanohelixes, and nanorings 
have also been reported (Djurišić & Leung, 2006). 
 
2.2.2 Tin Oxide (SnO2) 
Tin oxide is also one of the frequently used materials in the group of oxide material. It 
is an n-type semiconductor with a wide bandgap of 3.6 eV at 300 K (He Jr et al., 2006). 
The typical crystal structure of SnO2 is tetragonal rutile with stoichiometric form. It has 
low electrical resistance and high optical transparency in the visible region range of the 
electromagnetic spectrum (Batzill & Diebold, 2005). These properties are explored in a 
numerous applications; notably as transparent conductor, electrode materials in solar 
cell, oxidation catalyst, light emitting diodes, solid state gas sensor material and flat 
panel displays. Transparent in visible and highly reflective the infrared light properties 
of SnO2 are used for the energy conserving. Therefore, SnO2 is also focused as a main 
material (Batzill & Diebold, 2005).  
 
Another important property of SnO2 is high conductivity. Commonly binary TCO 
materials possess high conductivity due to its intrinsic defects including oxygen 
deficiencies. But, SnO2 has stoichiometric structure, where stoichiometric forms a good 
insulator; while non-stoichiometry, in particularly oxygen deficiency, makes it a 
conductor. Conversely, Kılıç and Zunger (2002) reported that the formation energy of 
oxygen vacancies and tin interstitials in SnO2 is very low. These defects form freely 
which explains the often observed high conductivity of pure SnO2. A charge carrier 
concentration and the conductivity of SnO2 are further increased by using extrinsic 
dopants. Nowaday, numerous SnO2 nanostructures including nanofibers (Viter et al., 
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2014), nanowires (Zhou et al., 2014), nanorods (Hu et al., 2014),  fishbone-like (Kim et 
al., 2005), nanobox beam-like (Liu et al., 2004), flower-like (Wang et al., 2011) and 
hierarchical (Wang & Rogach, 2013) nanostructures have been developed in major 
applications of catalyst, gas sensors and TCO . 
  
2.2.3 Zinc Stannate (Zn2SnO4) 
The zinc stannate compound, Zn2SnO4 is categorized under ternary transparent 
semiconductive oxides. It exhibits versatile properties in a number of applications 
including humidity sensors, transparent electrode, flammable and toxic gas sensors, Li-
ion batteries, and thin-film photovoltaic devices due to its large electron mobility (10 -
15 cm
2
 V
-1
 s
-1
), high electrical conductivity, high chemical sensitivity, low visible 
absorptions and excellent optical electronic properties (Rong et al., 2006; Wang et al., 
2007). It possesses large band gap of 3.6 eV at 300 K with an inverse spinel structure 
(Tan et al., 2007). Zn2SnO4 is commonly referred to as ZTO or zinc orthostannate. It is 
the semiconductor group of II-IV-VI oxides. The ZTO composition is off stoichoimetric 
with an element ratio of Zn : Sn : O = 1.75 : 1 : (2.6-3.5), indicating a deficiency of zinc 
and oxygen (Fan et al., 2009).  
 
Recently, the studies on ZTO nanowires, nanodendrites raise even more interests on 
their predictable new electronic, optoelectronic, and sensing properties (Tan et al., 
2007). So far, ZTO quasi-1-D nanostructures including smooth belts, rings, chainlike 
single-crystal wires, twinned wires, and short rod are also demonstrated (Fan et al., 
2009). The twinned ZTO nanowires showed unique periodical morphologies with twins 
alternating along the axial direction of the nanowires, which are different from normal 
nanowires. These nanostructures are potentially useful in fabrication of nanodevices due 
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to the periodical axial arrangement of nanocrystals in one-dimension (Wang et al., 
2007). 
 
2.3 Overview of Gas Sensors 
A gas sensor is defined as a device, which one or more of its physical properties such as 
resistance, capacitance, and electrical conductivity, changes upon its exposure towards 
gas species (Göpel et al., 2008). A change of these properties can be measured and 
quantified directly or indirectly. A typical gas sensor consists of a sensing layer 
integrated with a transducing platform, which is in direct contact with the gas 
environment. Sensing layer should be thick/thin film or aligned one dimensional 
nanostructures of metal oxides. Gas molecules in a test gas environment interact 
chemically with the sensing layer, which result in a variation of the sensor‘s chemical or 
physical properties. Then, the transducer measures the changes and produces an 
electrical output signal (Stetter & Penrose, 2002). There are many different types of 
sensors using various technologies and principles, which can analyse the gas species 
qualitatively and quantitatively. These sensors should be able to offer accurate, high 
resolution, low cost sensing and stable. Several environmental factors including 
humidity, temperature, shock and vibrations can influence the performance of sensor. 
Therefore, it is crucial to account for these parameters when selecting a method. 
 
2.3.1 Solid State Gas Sensors 
Solid state gas sensors are based on a wide variety of technologies such as resistive-type 
metal-oxide, pyroelectric, piezoelectric, fibre optic, calorimetric and surface acoustic 
(Christofides & Mandelis, 1990). They have ability to sense both low ppm levels of 
toxic gases and high explosive limits. It can be classified into three categories 
depending on the sensing principles and sensor configuration. These categories are solid 
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electrolyte-based gas sensors, catalytic combustion, and resistive gas sensors based on 
semiconducting metal oxide (Azad et al., 1992; Liu et al., 2014).  
 
2.3.1.1 Solid Electrolyte Gas Sensors 
Potentiometric and amperometric gas sensors belong to the solid electrolyte-based 
sensor type. Such sensors generally function in the temperature range of 500-1300 °C 
(Azad et al., 1992). For potentiometric sensor, solid electrolytes exhibit high ionic 
conductivity resulting from the migration of ions through the point defect sites in their 
lattices. Electronic conduction by electrons or holes only makes a small contribution 
(typically less than 1%) to the total conductivity in these sensors. The ionic transport 
number of a solid electrolyte is defined as the ratio between ionic conductivity and the 
total conductivity, which is normally greater than 0.99 (Park et al., 2003). A 
potentiometric sensor operates under open-circuit conditions, in which no electrical 
current flows through the external electrical circuit, hence preventing ionic current from 
flowing through the electrolyte. Potentiometric sensors show logarithmic behaviour 
with the concentration of gas and low sensitivity at high concentrations (Liu et al., 
2014).  
 
On the other hand, amperometric sensors can be operated under an externally applied 
voltage, which drives certain electrode reactions electrochemically. The sensor signal is 
usually a diffusion limited current with a diffusion barrier. Each analyte molecule 
passing the diffusion barrier reacts immediately at the electrode. But, the reaction rate 
reflected by the current at the sensing electrode occurs at a thermodynamically 
determined potential for any given reaction. When operated under appropriate diffusion- 
limited conditions, the sensor current is simply proportional to the concentration of the 
analyte. The linear relationship between current and concentration typically spans over 
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3 orders of magnitude. Measurements with high sensitivity to ppm or ppb level are 
achievable with excellent measurement accuracy under constant potential conditions. 
Amperometric sensors are more suitable for the detection of high gas concentrations 
(Liu et al., 2014; Stetter & Li, 2008). 
 
2.3.1.2 Catalytic Combustion Gas Sensors 
Catalytic combustion sensor is a single-port device, where the sensing material also acts 
as a heater. The sensor is fabricated by sintering porous, active alumina beads with 
certain amount of highly dispersed catalyst including Pt, Pd and Rh. Each bead is 
mounted on a platinum coil. When a combustible gas is admitted, it reacts with the 
catalyst and burns on the platinum coil, heated to about 400-450 °C by passing a current 
through it. The evolved heat of combustion of the gas results in further increase of 
temperature of the sensing element. Therefore, resistance of the sensing element is 
increased. The resistance increase is then correlated to the concentration of the 
inflammable gas (Arakawa et al., 1979). The selection of platinum is due to excellent 
durability against high specific resistance with temperature increase. Thus, larger 
changes in resistance results than some other high melting metals such as Pd and Rh. 
These catalyst supported sensors are more sensitive to C4H10 (butane) than to CH4, 
C2H5OH, CO and H2. Therefore this type of gas sensors are mostly used for the leak 
detection of LPG gas (Azad et al., 1992). 
 
2.3.1.3   Semiconductor Gas Sensors 
Among these three solid state gas sensors, semiconducting metal-oxide sensors have 
shown the most promising results especially in harsh and high temperature 
environments. They have shown extensive commercial applications and recent advances 
in nanotechnology has resulted in novel classes of materials with enhanced gas sensing 
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performance (Eranna et al., 2004). These have provided the opportunity to dramatically 
increase the performances of semiconducting metal-oxide gas sensors. Resistor-type 
sensors are commonly used in semiconducting metal oxides based gas sensor. It 
possesses advantages such as simple configuration, easy fabrication, cost effectiveness 
and also offer advances in miniaturization and micro-electronic mechanical system 
(MEMS) (Ramamoorthy et al., 2003). Resistor-type sensors measure electrical 
resistance changes in the semiconducting oxide caused by the interaction of the sensing 
material and test gas, which typically involves electron transfers. It has been long 
known that adsorption of a foreign species on a semiconducting surface provides 
surface states, and the electrical properties of these surfaces change as a result of 
adsorption and/or reaction. Significant progress has been made to utilize this change in 
the semiconductor property to quantify the presence of a specific reactive gas in a 
gaseous mixture. As compared to the organic and elemental or compound 
semiconductors, the metal oxide counterparts have been more successfully employed as 
sensing devices for the detection and monitoring of a host of gases such as CO, CO2, 
H2, H2O, NH3, SOx with varying degree of commercial success (Park & Akbar, 2003). 
 
Semiconducting metal oxide-based sensors can be divided into three groups based on 
the interactions that occur between the sensing element and test gas. They are bulk 
conduction-based sensors, surface conduction-based sensors and metal/oxide junction 
based sensors. Bulk conduction-based sensors are used to detect oxygen at high 
temperatures (above 500 °C). But, surface conduction-based sensors are reported to 
show good sensitivity towards reducing gases including CO, H2 and hydrocarbons, 
which is commonly detect at low and medium temperatures (200 - 500 °C). Metal/oxide 
junction based sensors work based on relative changes of work function. It includes 
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Schottky diodes, metal oxide-semiconductor capacitors and metal oxide-semiconductor 
field effect transistors (MOSFET) (Park & Akbar, 2003). 
 
2.3.2 Gas Sensor Performance Characteristics 
In order to characterize the quality of the output signal produced by a sensor, some 
specific parameters are generally used. The most important parameters are sensitivity, 
selectivity, response time and recover time (Bochenkov & Sergeev, 2010). Enhanced 
sensitivity and selectivity together with reduced response and recover times are the main 
challenges to the developers of metal oxide gas sensors. These concepts will be 
elaborated further in this section. 
 
2.3.2.1  Sensitivity 
Sensitivity (S) of a gas sensor towards a target gas is expressed as the ratio of the value 
of the measuring parameter at an ambient gas environment to that at the test gas 
environment. All over the literature, a sensor sensitivity is defined in several forms 
including S= Ra/Rg, S=Rg/Ra, S=ΔR/Ra and S=ΔR/Rg; where Ra is the resistance in 
ambient air or nitrogen environment, Rg is the resistance in test gas environment and 
ΔR=|Ra-Rg|. In the following, researchers use the terms ―response‖ and ―sensitivity‖ 
synonymously.  
 
2.3.2.2 Selectivity 
One of the main challenges to the developers of metal-oxide gas sensors is high 
selectivity. It is the ability of a sensor to respond to a certain gas in presence of other 
gases. Selectivity coefficient (K) of a sensor is usually defined as by the ratio of the 
highest sensitivity related to the gas to be monitored and to the other testing gases at the 
same condition (Zhang et al., 2011). Mathematically it can be expressed as follows:   
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   (2.1) 
Currently, two general approaches exist for enhancing the selective properties of 
sensors. The first one is aimed at preparing a material that is specifically sensitive to 
one compound and has low or zero cross-sensitivity to other compounds that may be 
present in the working atmosphere (Bochenkov & Sergeev, 2010). To do this, the 
optimal temperature, doping elements, and their concentrations are investigated. 
However, it is usually very difficult to achieve an absolutely selective metal oxide gas 
sensor in practice, and most of the materials possess cross-sensitivity at least to 
humidity and other vapours or gases. Another approach is based on the preparation of 
materials for discrimination between several gases in a mixture. It is impossible to do 
this by using one sensor signal; therefore, it is usually done either by modulation of 
sensor temperature (Chakraborty et al., 2006; Huang et al., 2006; Nakata et al., 2006; 
Parret et al., 2006) or by using sensor arrays (Baschirotto et al., 2008).  
 
2.3.2.3 Optimum Working Temperature 
Optimum working temperature is usually the temperature, where sensitivity of a gas 
sensor reaches a maximum value (Ahlers et al., 2005). It depends on type of material 
and morphologies of nanostructures obtained by various processing routes. 
 
2.3.2.4 Response and Recovery Times 
It takes time for any sensor to produce its full response upon the exposure to a gas 
(Horn, 1995). There are several causes for that, the most important of which is the 
diffusion time of the gas inside the active material (Worsfold et al., 2002). In order to 
establish the response speed of a sensor, which represents a primary topic in gas sensing 
field, response times are generally used. Response time is defined as the time to achieve 
a certain percentage of the final change in the sensor signal upon exposure to the test 
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gas. The most used parameter is t90, defined as the time to achieve the 90% of the final 
change in the sensor signal. Similarly recovery time is the time to recover a certain 
percentage of the signal change after removal of test gas, where the most used 
parameter is t10. These concepts are explained in the picture below. 
 
Figure 2.1: Explanation of the response time and recovery time in sensors. 
 
2.3.2.5 Lower Limit of Detection 
It is the lowest concentration of the gas that can be detected by the sensor under given 
conditions, particularly at a given temperature. This can be referred to as detection limit 
or lower limit of detection (Bochenkov & Sergeev, 2010). 
 
2.3.3. Fabrication of Gas Sensor 
In addition to the intrinsic characteristics of sensing material, the sensing properties also 
relies on morphology which is turn depend on sensor fabrication method. The sensor 
fabrication can be classified into four categories. They are bulk sensors, interdigitated 
substrate based sensors, tube-type sensors, and field effect transistor (FET) type sensors. 
In bulk sensor, powder materials are pressed into pellet form by die-pressing. Then, the 
flat surface of the pellet is painted by Pt or Au paste for the electrodes to measure the 
electrical variations. This type of sensor has the thickness of around 1-3 mm (Yu & 
Choi, 2001), which is shown in Figure 2.2(a). The second and most widely used sensors 
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are interdigitated substrate based sensors. It consists of embedded Au or Pt 
interdigitated in an alumina substrate. Pt or Au wires are attached to electrodes for 
making electrical contacts and monitor the variation of resistance. Sometimes, this 
sensor has embedded Pt heater on its back side (Wan et al., 2004). This type of sensor 
can be designed by thin film or thick film. 1-D nanostructures typically make a paste or 
ink using organic binder to form thick or thin film on interdigitated substrate using 
screen-printing technique. In some cases, nanowire growth is integrated into device 
fabrication (Choi et al., 2008; Hsueh et al., 2007a). This type of sensor is shown in 
Figure 2.2(b). 
 
Third type of sensor is tube sensors which are just one variation from interdigitated 
substrate based sensors. The shape of the sensor surface is tube instead of flat surface, 
which is shown in Figure 2.2(c). It has a ceramic tube which acts as a substrate and is 
made by Al2O3 material. The surface of the tube is coated by the one dimensional gas 
sensor materials with different morphologies and form thick film with the thickness 
around 150 μm (Lu et al., 2012). It is typically coated between pair of gold electrodes 
printed on the surface of the ceramic tube. A Ni-Cr alloy is commonly used as a heating 
coil which is inserted into the tube to tune the operating temperature (Song et al., 2009). 
The last category is the FET type sensor. A single nanowire is connected between the 
two metal electrodes in this type of sensor. These metal electrodes arrange on a heavily 
doped silicon substrate covered with SiO2 acting as insulating layer. The electrical 
changes measure between two electrodes which act as source and drain of FET type 
sensor (Huang & Wan, 2009). This kind of sensor is illustrated in Figure 2.2(d). Among 
them, interdigitated substrate based sensors and tube-type sensors were extensively 
studied in the literatures. 
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Figure 2.2: Schematic illustration of fabricated sensor device: (a) bulk sensor (Yu & 
Choi, 2001), (b) interdigitated substrate based sensor (Jiménez-Cadena et al., 2007), (c) 
tube-type sensor (Wan et al., 2008b), and (d) FET type sensor (Huang & Wan, 2009). 
 
2.4 Metal Oxide Semiconductor Material for Gas Sensing 
Metal oxides semiconductors are utilized for recent developments in gas sensing 
materials. It is known that the electrical conductivity of such materials varies with the 
composition of the surrounding gas atmosphere (Elisabetta Comini, 2006). At the 
beginning of the sensor technology, semiconductor metal oxides have been studied in 
the form of thick film. First generation devices was developed using powders as stating 
material and formed thick films. In 1991, Yamazoe (1991) reported that the 
improvement in sensor performance of metal oxide semiconductor film was due to the 
reduction of grain size. The main challenge lies on the preparation of materials with 
stable and smaller crystalline size for long time when the sensor operated at high 
temperature. Thus, the materials syntheses have been improved towards thin film 
technology to overcome the challenge. In thin film technology, higher reproducibility 
and compatibility with Si technology was obtained by fabrication of materials via 
chemical and physical vapour deposition. But, the technological enhancement went 
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along with a reduction of sensing performances due to a lower porosity of the fabricated 
devices. The electrical properties of both thick and thin films drift due to porosity 
modification, grain coalescence and grain boundary alteration. These effects are more 
critical because the metal oxide layers must be kept at a fairly high temperature in order 
to guarantee the reversibility of chemical reactions at surface (Eranna et al., 2004). 
Hence, one of the solutions has been identified to stabilize the nanostructure, which is a 
one-dimensional (1D) nanostructure (nanowires, nanotubes, nanobelts, nanorods and so 
on). Therefore, thin film technology was turned towards 1D nanostructures. A wide 
number of metal oxide semiconductors such as MoO3, ZnO, CuO, TiO2, SnO2, In2O3, 
CdO, AgVO3, WOx, TeO2 and Fe2O3 have been studied for chemical gas sensing 
applications (Arafat et al., 2012). However, one dimensional metal oxide nanostructures 
have high aspect ratio, thus sensing surface area is increased. As a result, today most 
sensing research works mainly focus towards 1-D nanostructures. Numerous reports 
reveal pristine 1D nanostructures exhibit better results in terms of high sensitivity to 
detect certain gases (Cao et al., 2009; Rout et al., 2006; Wan et al., 2004) which is 
shown in Figure 2.3.   
 
Figure 2.3: Pristine nanostructures for gas sensing: (a) In2O3 nanowires for N2O 
detection (Rout et al., 2006), (b) WO3 nanowires for NO2 detection (Cao et al., 2009), 
and (c) ZnO nanowires for ethanol sensing (Wan et al., 2004). 
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2.4.1 Gas Sensing Mechanism 
The sensing mechanism of metal oxide gas sensor is essential to reveal the influence 
factors on gas sensing properties of metal oxides. The exact fundamental mechanisms 
that cause a gas response are still controversial (Wang et al., 2010). But, the general 
mechanism of gas sensing is based on the change in conductance upon chemisorption of 
gas molecules. The electric response by chemicals adsorbed on metal oxide is strongly 
dependent on the reaction of molecules on the surface. Depending on the reducing or 
oxidizing properties of the molecules, conductance through nanowires can decrease or 
increase upon molecular adsorption. Thus, it is important to investigate surface 
reactions between metal oxide and target molecules for better understanding of the 
sensing mechanism and for finding optimum sensing conditions such as temperature. 
 
 
Figure 2.4: Sensing mechanism of reducing gas towards n-type sensing materials: (a) 
before adsorption of oxygen, (b) adsorption of oxygen in air environment and (c) 
adsorption of oxygen in reducing gas environment (Arafat et al., 2014). 
 
The basic sensing mechanism of semiconductor gas sensor is based on changes in 
conductivity or resistivity when the sensing materials interact with target test gases. 
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Oxygen molecules in ambient air are adsorbed on the sensing surface when the 
semiconducting metal oxides are exposed to air environment (Figure 2.4(a) and (b)). As 
a result, various kinds of oxygen ion species (O
-
, O2
-
, O
2-
) are formed on the sensing 
surface by trapping free electrons from the conduction of the sensing material. 
Therefore, electron depleted layer is formed at the surface of the material. Due to the 
formation of electron depleted region leads to the band bending (Figure 2.4(b)). When 
the reducing gas is exposed, it reacts with surface adsorbed oxygen species and related 
the captured electrons in the materials. Therefore, resistance of the material reduces and 
decreases the band bending due to increased free electrons on the material (Figure 
2.4(c)). This kind of electrical changes is used for gas sensing applications (Wang et al., 
2010).     
 
The band bending theory is unfortunately not a universal mechanism that applies to all 
metal oxide solid materials. Many transparent conductive oxide materials like In2O3, 
ZnO and SnO2 are excellent gas sensing materials. The adsorbate induced band bending 
has the potential to result in strong conductivity changes in the material and thus trigger 
a gas response signal. In polycrystalline gas sensing materials, band bending related 
effect at the surface often contributes and amplifies the gas sensing response. This effect 
is due to the formation of Schottky barriers at grain boundaries. Upward band bending 
induced by surface charges result in a barrier that conduction electrons have to 
overcome to carry the current across the grain boundary (Batzill & Diebold, 2005). 
 
2.4.2 Factors Influencing the Enhanced Sensitivity and Selectivity 
As mentioned earlier, those pristine nanostructures sensors exhibit low sensitivity with 
less selectivity. As a result, research activities in these directions develop a great 
enhancement of performance of semiconducting materials in gas-sensing applications 
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by using various techniques. They are development of nanostructures with different 
morphologies, doping metal oxide catalyst, loading noble metal nanoparticles and 
mixed metal oxide nanostructures (Arafat et al., 2012).  
 
2.4.2.1 Development of Nanostructures with Different Morphologies  
Processing of various kinds of nanostructure is one of the ways to enhance sensitivity in 
gas sensor application. A lot of research on nanomaterials has been carried out in recent 
years. However, there is still a lack of nanostructures that have a combination of 
superior properties such as efficient electron transport and high surface area (Agarwala 
et al., 2012). Therefore, the focus in this field is on the development of nanostructures 
with different morphology. Such nanostructures are expected to exhibit both superior 
electron transport and high surface area, which leads to an increase in sensitivity of 
chemical gas sensors. Several unique morphologies of pristine metal oxide structures 
and their gas sensing properties have been reported as shown in Figure 2.5. With an 
ammonia (NH3) concentration of 5 ppm, the sensor constructed with rhombohedral 
corundum-type In2O3 hierarchical nanostructures showed 10-folds enhanced sensitivity 
with a working temperature of 300 °C, compared to the sensors prepared from cubic 
In2O3 nanoparticle (Jiang et al., 2013) (Figure 2.5 (a)). Zhang et al. (2008) developed 
high performance gas sensors based on ZnO dendrites with excellent sensitivity and 
selectivity to H2S gas at room temperature (Figure 2.5 (b)). The origin of the greater 
sensitivity was demonstrated that the macroscopical appearance and properties of ZnO 
dendrites. Additionally, the large modulation of the energy barrier of contact between 
nanorods in ZnO dendrites is also another reason for increased sensitivity. Figure 2.5(c) 
shows a unique 3D architecture with a relatively high surface area of α-Fe2O3 
nanoflower provides excellent hydrogen gas sensing behaviour (7.1 at 50 ppm) at room 
temperature due to increased active sites for interaction of hydrogen gas (Agarwala et 
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al., 2012). Hence, development of nanostructures with increased surface area is one of 
the techniques to get excellent sensitivity in chemical gas sensors. 
 
 
Figure 2.5: Various morphologies nanostructures for gas sensing: (a) hierarchical In2O3 
nanostructure (Jiang et al., 2013), (b) ZnO dendrite nanostructure (Zhang et al., 2008), 
and (c) α-Fe2O3 flower-like nanostructure (Agarwala et al., 2012). 
 
 
2.4.2.2 Doping of Metal Oxide Catalyst 
Another way to improve sensitivity is through doping of metal oxide nanoparticles, 
where a host material is loaded with certain amount of metal oxide particles such as 
(PdO, Cr2O3, NiO, Co3O4 and CuO). These doped metal oxide particles often act as 
catalyst to enhance performance. However, the doped metal oxide particles are not 
suitable to be present as the host nanostructure due to instability, synthesis route or 
conductivity issues (Miller et al., 2014). Therefore, low or discrete amounts (< 2wt%) 
of doped particles must be applied  in order to achieve desired results (Kim et al., 2011). 
It has been proved by authors with great success, which is revealed in Figure 2.6. Lou et 
al. (2013) reported PdO-decorated ZnO flower-like nanostructures sensor showed 
improved sensitivity to ethanol and toluene which could be selected by the operating 
temperature (Figure 2.6(a)). Na et al. (2011) demonstrated that the lenticular p-type 
Co3O4 nanoislands decorated on ZnO nanowire showed enhanced sensitivity toward 
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ethanol (Figure 2.6(b)). Woo et al. (2012) found that the addition of semielliptical 
Cr2O3 nanoparticles on ZnO nanowires sensor exhibited enhanced sensitivity toward 
trimethylamine (TMA) (Figure 2.6(c)). The increased sensitivity of sensor decorated by 
Co3O4 and Cr2O3 than pristine nanostructure sensor was explained by catalytic effect of 
addition of nanoparticles and extension of electron depletion layer via the formation of 
p-n junction. 
 
 
Figure 2.6: Doping of metal oxide catalyst for gas sensing: (a) PbO nanoparticle 
decorated on ZnO flower-like nanostructure (Lou et al., 2013), (b) Co3O4 nanoisland 
decorated on ZnO nanowires (Na et al., 2011), and (c) Cr2O3 nanoparticle decorated on 
ZnO nanowire (Woo et al., 2012). 
 
2.4.2.3 Surface Modification by Noble Metal Particles 
Noble metal nanoparticles such as Pt, Pd, Au, Rh, Ag can be decorated onto the surface 
of nanostructures to enhance the sensitivity of the sensor (Ippolito et al., 2005). The 
sensitivity can be improved significantly in surface modified noble metal particles by 
means of spill-over effect or catalytic effect (Franke et al., 2006). The metal catalysts 
create enhanced sites for gas molecular adsorption on the surface of sensing medium. 
Therefore, the presence of catalyst lowers the activation energy required for the sensing 
reaction to take place and improve the sensor performance (Lee et al., 2009). Another 
way is the spill-over of gaseous species induced by metallic clusters at the surface of the 
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metal oxide or a Fermi energy controlled induced by metal dopants (Kappler et al., 
1998). These two effects are commonly proposed by authors to improve the sensing by 
adding noble metal particles.  
 
Generally, the addition of noble metals results in a shift of the volcano-shaped 
correlation between gas sensitivity and temperature toward the lower temperature side, 
accompanied by an increase in the height of volcano top. Theses metal additive affect 
the sensor properties in a quite complex manner (Yamazoe et al., 2003). As an example, 
noble metals such as Au, Pt and Pd were found to be efficient for increasing the 
sensitivity to NO2 gas using ZnO nanowires (Rai et al., 2012), to H2 gas using WO3 
nanowires (Zhu et al., 2010), and SnO2 nanowires (Kolmakov et al., 2005), 
respectively, which is illustrated in Figure 2.7. However, in real-life applications, such 
noble materials require very high cost to synthesis so that, the sensor price can be high. 
Another drawback of this method is the instability issues, including catalyst poisoning 
due to activity reduction from certain vapours and tendencies to roughen and cluster at 
elevated operating temperature (Miller et al., 2014).       
 
Figure 2.7: Surface modification using noble metal nanparticles for gas sensing: (a) Au 
nanoparticle decorated on ZnO nanowires (Rai et al., 2012), (b) Pt nanoparticle 
decorated on WO3 nanowires (Zhu et al., 2010), and (c) Pd nanoparticle decorated on 
SnO2 nanowires (Kolmakov et al., 2005). 
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2.4.2.4 Mixed Metal Oxide Nanostructures 
In recent years, mixed metal oxide nanostructures as gas sensors have become popular 
research topics. As an alternative to the noble metal oxide coating, mixed metal oxide 
nanostructures can provide good sensing performance with lower price compared with 
noble materials. Generally, hybrid nanostructure based gas sensors can be made by 
using nanowires or nanoribbons as base material and coating distributed nanoparticles 
or smaller nanostructures on the base materials, creating core-shell or branch-like 
structures. This hybrid nanostructure with different morphologies is another potential 
way to improve the sensitivity by increasing surface area of the nanostructures and band 
gap offset between different metal oxides. As further expectation, the hybrid 
nanostructures can be listed as a new class of nanomaterials with different properties. 
To date, SnO2/In2O3 (Her et al., 2012), α-Fe2O3/SnO2 (Wang et al., 2014; Yu-Jin et al., 
2009; Zhang et al., 2013), TiO2/ZnO (Park et al., 2009; Park et al., 2013) (Deng et al., 
2013), multi-walled CNT/SnO2 (Chen, et al., 2006), ZnO/SnO2 (Choi et al., 2009; 
Hwang et al., 2010a; Park et al., 2013b), CeO2/TiO2 (Chen et al., 2011a), W18O49/SnO2 
(Sen et al., 2010), Fe2O3/ZnO (Jun et al., 2011; Si et al., 2006), MoO3/TiO2 (Chen et al., 
2011b), and Fe2O3/TiO2 (Zhu et al., 2012) hybrid nanostructures have been investigated 
for gas sensing.  
 
Figure 2.8 shows the ZnO/TiO2 (Deng et al., 2013), W18O49/SnO2  (Sen et al., 2010) and 
SnO2/In2O3 hierarchical nanostructures (Her et al., 2012) for gas sensing. Researches, as 
displayed in Figure 2.8, explained that sensitivity and/or selectivity of sensor was 
enhanced by combining two different oxide semiconductors which was due to 
modulation of energy band bending and built-in potential. (Deng et al., 2013; Her et al., 
2012; Sen et al., 2010). Because of two oxide semiconductors have different band gaps, 
electron affinities and work functions.  
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Figure 2.8: Mixed nanostructures for gas sensing application: (a) ZnO/TiO2 hierarchical 
nanostructure (Deng et al., 2013), (b) W18O49/SnO2 nanowires (Sen et al., 2010), and (c) 
SnO2/In2O3 hierarchical nanostructure (Her et al., 2012). 
 
 
2.5 Gas Sensors based on ZnO/SnO2 Nanostructures 
2.5.1 Growth and Characterization  
In this section, different types of ZnO/SnO2 nanostructures are discussed in terms of 
their growth and characterization. Available reports in the literature show that ZnO and 
SnO2 mixed nanostructures were grown via various synthesis techniques. It can be 
categorized into two groups according to their processing routes. They are single-step 
process and two-step process. A single-step process is ZnO and SnO2 blended 
nanostructures grown via a particular single synthesis route. While two-step process is 
ZnO or SnO2 nanostructures can be initially grown via one of the processes followed by 
SnO2 or ZnO nanostructures synthesized on top of the ZnO or SnO2 nanostructures via 
another processing route. Generally, a two-step method is a common approach to 
fabricate core-shell and hierarchical nanostructures. Core or trunk nanowires are 
fabricated in the first step. Shell or branch is grown on top of the core or trunk with 
either the same or a different material. To date, numerous heterogeneous core-shell and 
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hierarchical nanostructures have been synthesized by two-step methods which had ultra-
low yield and very complicated procedures (Yu et al., 2005).  
 
2.5.1.1 Nanostructures by Single-Step Process 
Electrospinning, thermal evaporation and hydrothermal processes are commonly used 
method for the production of one dimensional ZnO/SnO2 nanostructures in a single-step 
process. Among the methods used, electrospinning technique is the most widely 
employed for the production of hybrid ZnO/SnO2 nanofibers due to its simpliticity, 
inexpensive, straight forward, and versatile method (Moon et al., 2009b; Song & Liu, 
2009). The nanostructures obtained by this process are mostly nanofibers with different 
configurations such as mesoporous (Song et al., 2009), hollow (Tang et al., 2014; Wei 
et al., 2011) and core-shell nanofibers (Lee et al., 2012b). The as-spun fibers were 
calcined at various temperatures between 500 °C and 650 °C for 3 h to 6 h interval to 
convert into nanofibers. Few reports of the production of ZnO/SnO2 hybrid 
nanostructures from metal chloride as starting material by this method have been stated 
that the calcination temperature was used to convert the metal chlorides to metal oxides 
and the removal of PVP in as-spun fibers (Song & Liu, 2009; Song et al., 2009; Wei et 
al., 2011).  
 
Mesoporous ZnO-SnO2 nanofibers were deposited by Song et al. (2009) by 
electrospinning process. For this preparation, SnCl2.2H2O were mixed with N,N 
dimethylformamide (DMF) and ethanol in a glove box under stirring for 6 h. 
Subsequently ZnCl2 and PVP were also added into the solution. The mixture was then 
loaded into a glass syringe with a voltage supply of 10 kV at an electrode distance of 20 
cm. The as-prepared fibers were collected on an aluminium frame and calcined at 600 
°C for 4 h. A  TEM micrograph of SnO2-ZnO nanofiber exhibits nanofiber with 
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diameter size between 100 and 150 nm (Figure 2.9(a)). These nanofibers exhibited a 
highly mesoporous structure with some disordered wormhole-like pores. These porous 
structures have been destroyed during the calcination due to the collapse of meso-
structured wall and the aggregation of nanofibers. Wei et al. (2011) and Tang et al. 
(2014) used the similar method for the production of SnO2-ZnO hollow nanofibers with 
different Zn precursors, which is presented in Table 2.2. A higher magnification SEM 
image of ruptured section in Figure 2.9(b) clearly shows both the hollow structure and 
the rough porous surface of SnO2-ZnO nanofibers were obtained by Wei et al. (2011). 
The diameters of the nanofibers were in the range of 80-160 nm. Here, the nanofiber 
was linked by the non-uniform ZnO and SnO2 nanoparticles with the size of 15-30 nm. 
The inset in Figure 2.9(b) further proved the porous structure and the wall thickness of 
the fiber is about 39 nm. The possible formation mechanism of the hollow nanofibers 
was described on the basis of the evaporation effect induced phase separation during 
electrospinning. In this process, DMF and ethanol were served to dissolve PVP, 
Zn(Ac)2 and SnCl2 while ethyl acetate was used as the promoter of phase separation. 
Ethyl acetate evaporated rapidly during the electrospinning process. So concentration 
gradient of ethyl acetate was observed along the diameter of the fiber which was high in 
the center and low at the edge of the fiber. Therefore, ethyl acetate concentrated on the 
center line but PVP and enwrapped SnCl2-Zn(Ac)2 was moved to the edge of the fiber 
due to the incompatibility with ethyl acetate. Since the molecules of SnCl2 and Zn(Ac)2 
are much smaller than those of the PVP polymer, they may reach the outer boundary 
layer of the fiber easily. Thus, with the evaporation effect, phase separation occurs. 
After calcination, PVP was decomposed and formed hollow porous nanofibers. But, 
Tang et al. (2014) prepared hollow nanofibers using ZnNO3 solution instead of Zn(Ac)2 
with different weight ratio of Zn and Sn. The formation mechanism of their hollow 
nanofibers (Zn/Sn=1:1) was slightly different from Wei et al. (2011). They explained 
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as, the spinning mixture contained  Sn
2+
, Zn
2+
, Cl
−
, NO3
−
 ions and the macromolecules 
of PVP in the solvent of ethanol and DMF. During heat treatment, the inorganic ions 
moved to the surface of the nanofibers because of heating. Therefore, all solvents were 
evaporated and leaving inorganic ions only. The PVP, Cl
−
 and NO3
−
 were oxidized and 
decomposed with prolong heating time and the increase temperature. At the same time, 
the metal cations of Sn
2+
 and Zn
2+
 were oxidized into the grains of SnO2 and ZnO. 
These grains gradually grew and agglomerated into big particles, and eventually 
connected together in form of hollow nanofibers. Lee et al. (2012a) developed hybrid 
SnO2 nanofibers with N-doped ZnO nanonodules using similar technique. The core-
shell nanofibers were obtained depending on the weight ratio between ZnO and SnO2 in 
the solution. N-doped ZnO nanonodule on SnO2 nanofiber was observed when the 
weight ratio between ZnO and SnO2 was 25/100 and 50/100, while core-shell like 
structure were obtained at weight ratio of 100/100. This process contained two different 
polymer solutions: PAN (contain PAN, SnCl4.5H2O and DMF) and PVP (contain PVP, 
DMF, and various amounts of ZnAc2 and triethylamine). Both solutions were mixed at 
80-90 °C for 3 h and injected into a syringe by applying voltage of 15 kV. The 
electrospun core-shell nanofibers were calcined at 600 °C for 1h. During the heat 
treatment, Sn
4+
 ions bound to the polymer chains were converted to SnO2 nanofibers, 
and Zn
2+
 ions were converted to ZnO nanonodules on the SnO2 nanofiber surface via 
decomposition of the PVP and PAN polymers. Furthermore, the oxygen atom of ZnO 
was replaced with a nitrogen atom from triethylamine to form N-doped ZnO 
nanonodules (Figure 2.9(c)). The SnO2 nanofiber had diameter of ~100 nm and N-
doped ZnO nanonodule was 50 nm in diameter.  
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Figure 2.9. Different morphologies of ZnO/SnO2 nanostructures obtained by single-step 
process: (a) mesoporous nanofibers (Song et al., 2009), (b) hollow nanofibers (Wei et 
al., 2011), (c) ZnO nanonodules on the SnO2 nanofiber (Lee et al., 2012b), (d) 
triangular SnO2 nanoparticles on ZnO nanobelts (Wang et al., 2007), (e) 
SnO2/ZnO/SnO2 triaxial nanobelt (Zhao et al., 2006), and (f) flower-like nanostructure 
(Li et al., 2011). 
 
Thermal evaporation has also been used to produce hybrid ZnO-SnO2 nanobelts and 
SnO2 nanowires coated quantum sized ZnO nanocrystals. For example, Sinha et al. 
(2012) grew hybrid ZnO-SnO2 nanobelts by thermal evaporation together with O2/Ar 
flux from Zn and Sn powder placed separately. The mixture was evaporated at 850 °C 
in a quartz tube. The evaporated metal powders interacted with O2 and deposited on a Si 
substrate located above the boat. The resulting naobelts had a diameter of 100-250 nm 
with several micron lengths. Similarly, Yu et al. (2005)  grew SnO2 nanowire coated 
quantum sized ZnO nanocrystals by thermal evaporation process by supplying Ar at 900 
°C from SnO, ZnCO3 and graphite powder. The mixture of ZnCO3 and graphite powder 
(weight: 3:2) was put bottom of the quatz boat and SnO powder was covered as layer on 
top of the mixture. The stainless steel mesh substrate with the pore of 150 μm diameter 
was placed on top of the boat. The diameters of resulting SnO2 nanowires were 50-150 
nm with a layer of ZnO nanoparticles (d< 5 nm) coated on the nanowire. The exact 
reason for the formation of ZnO nanocrystals was not clear.  
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Additionally, Wang et al. (2007) fabricated triangular SnO2 nanoparticles on ZnO 
nanobelts (Figure 2.9(d)) by a vapour-phase transport method at 900 °C from SnO 
power in the presence of graphite and ZnO mixed powder placed separately. The widths 
of the nanobelts ranged from several hundred nanometers to several micrometers, and 
the lengths were about several tens of micrometers. Pyramid-like or triangular particles 
with sizes of about 100-200 nm were grown in the center of the nanobelts and aligned in 
a line through the whole length of the nanobelts. Further side-to-side SnO2/ZnO/SnO2 
triaxial nanobelts (Figure 2.9(e)) were fabricated by Zhao et al. (2006) via chemical 
vapour deposition from Zn and Sn powders placed separately at furnace temperature of 
1000 °C for 80 min under constant Ar flow of 40 sccm. In this process, Zn powder was 
placed center of inner alumina tube with covered by quartz plate to maintain high 
vapour pressure, while Sn powder was located downstream of outer alumina tube 
covered by Si substrate to deposit nanostructures. The width of side layer of the belt 
was equal and about 30-100 nm. Pure ZnO nanobelts and SnO2/ZnO/SnO2 triaxial 
nanobelts were observed at growth time of 10 min and 80 min, respectively. Growth of 
symmetric SnO2 nanobelts was explained due to polar surface of ZnO nanobelts  (Zhao 
et al., 2006).  
 
Among the single-step processing routes discussed, hydrothermal method requires the 
lowest average temperature compared to thermal evaporation and vapour-phase 
processing. Other advantages of hydrothermal processing include ease of transfer of end 
product to other substrates and high yield. Li et al. (2011) produced different 
morphologies of ZnO/SnO2 nanostructures (flower-like, column-like and octahedral-
crystal like) by hydrothermal route. Various morphologies were obtained by changing 
molar ratios between Zn
2+
 and Sn
4+
, different concentrations of glucose and NaOH. The 
variation of NaOH concentration led to different formation rates and concentrations of 
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nuclei for the formation of various morphologies. Figure 2.9(f) shows the flower-like 
nanostructure obtained when the ratio of Zn
2+
/Sn
4+ 
equals to 8:1. 
 
2.5.1.2 Nanostructures by Two-Step Process 
Generally, core-shell and hierarchical nanostructures were mostly obtained in the 
reported literature in two-steps synthesis process. The core of the nanowires were 
synthesised by thermal evaporation, hydrothermal and electrospinning processes, while 
shell was deposited by atomic layer deposition (ALD), thermal evaporation, 
hydrothermal and pulsed laser deposition (PLD). Among the methods used, uniform 
shell was observed by ALD and PLD processes and thickness of shell was easily 
controlled by number of cycles. SnO2-core nanowires by the thermal evaporation of Sn 
powders followed by the ALD of ZnO-shell nanowires were developed by Park et al. 
(2011) , Kim et al. (2012) and Pan et al. (2012). They used Au catalyst to grow SnO2 
nanowire by vapour-liquid-solid mechanism. The diameter of core SnO2 nanowires of 
80 nm and the thickness of ZnO shell layer of 10 nm were obtained by Park et al. 
(2013a) (Figure 2.10(a)). But, Sun et al. (2007) fabricated ZnO-SnO2 hierarchical 
nanostructures by thermal evaporation of Zn and Sn powder at 800 °C. The secondary 
grown ZnO nanobelts on primary SnO2 nanobelts were achieved by a vapour-solid (VS) 
process, where the first step growth of SnO2 nanobelts served as substrates for the 
secondary growth of ZnO nanobelts. At lower growth temperature of 450 °C, ZnO 
nanowires was obtained with a sharp edge at the tip, while at 600 °C, ZnO nanorods 
with hexagonal cross sections were formed on the SnO2 nanobelt (Figure 2.10(b)). 
Shapes and sizes of ZnO nanostructures were tuned by varying the growth temperatures. 
Diameter and length of ZnO nanostructures increase from 30 to 300 nm, and 400 nm to 
several micrometers, respectively.  
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Additionally, Cheng et al. (2009) and Dai et al. (2013) synthesized ZnO branch 
nanorods on SnO2 backbone nanowires by vapour transport and hydrothermal methods. 
SnO2 powder and graphite powder were used to grow SnO2 nanowires at 1000 °C with 
the help of Au catalyst. For the growth of ZnO nanorods, ZnO seed layer was 
subsequently formed by dip-coating (Cheng et al., 2009) or RF sputtering (Dai et al., 
2013) followed by ZnO nanorods were grown by hydrothermal method using different 
zinc precursors. Leaves of pine tree-like structure was observed by using zinc nitrate 
hexahydrate precursor (Figure 2.10(c)), while brush-like structure was obtained by 
using zinc acetate dehydrate (Figure 2.10(d)). Figure 2.10(c) shows the nanorod 
branches stand perpendicular to the side surfaces of the SnO2 nanowires as multiple 
rows in a parallel manner with the range of length from 100 to 200 nm and diameter of 
30 nm. The most of the branches have four-fold symmetry. But, the SnO2 nanowire 
backbones were as long as tens of micrometers. The number density and morphology of 
secondary ZnO nanostructure was tuned by adjusting the salt concentration of precursor 
and reaction time. SEM image in Figure 2.10(d) exhibits the brush-like SnO2/ZnO 
hierarchical nanostructure with a high surface-to-volume ratio. The branch-out ZnO 
nanorods on the SnO2 nanowire have uniform diameter of about 50 nm and length of 
about 400 nm. The ZnO nanorods were grown randomly on the SnO2 nanowire and 
present high surface-volume ratio due to the mismatch of SnO2 and ZnO. 
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Figure 2.10. Different morphologies of ZnO/SnO2 nanostructures obtained by two-step 
process: (a) SnO2-core/ZnO-shell nanowires (Park et al., 2013a), (b, c, d and e) SnO2-
ZnO hierarchical nanostructures (Sun et al., 2007; Cheng et al., 2009; Dai et al., 2013; 
Lan et al., 2012), and (f) SnO2 capped ZnO nanowire (Liu et al., 2008b). 
 
Lan et al. (2012) deposited SnO2/ZnO hierarchical nanostructures by a two-step carbon 
assisted thermal evaporation method. SnO2 nanowires were synthesized first followed 
by the synthesis of ZnO nanowires (Figure 2.10(e)). An equal molar ratio between SnO2 
and C powder was placed in a ceramic boat. A gold coated (10 nm) Si substrate was 
placed at 4 mm from the ceramic boat to collect SnO2 nanowires. The pressure inside 
the system was at 1 Pa and Ar and O2 (Ar:O2=100:1 by volume) was passed through the 
furnace at a flow rate of 20 sccm. White wool-like SnO2 nanowires was formed at 800 
°C of furnace temperature after cooled down. The same process was repeated for ZnO 
nanowire with furnace temperature of 850 °C. A black wool-like ZnO nanowire was 
deposited on white wool-like SnO2 nanowire. The diameters of the newly formed ZnO 
nanowires range from 15 to 50 nm. The lengths of the ZnO nanowires were in the range 
of several tens nanometers to several micrometers. Sn particle was observed at the tip of 
each branch ZnO nanowire which is shown in Figure 2.10(e). The formation of 
hierarchical nanostructures was proposed by Lan et al. (2012) according to the 
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observation, which is shown in Figure 2.11. SnO2 nanowires were formed at first step. 
In the second step, ZnO reacted with C to generate Zn and CO vapours. These vapours 
was reacted with surface of SnO2 nanowires and form Sn droplets by following 
reactions. 
                             
                             
The produced Zn vapour from source mixture transported to SnO2 would be absorbed 
by Sn droplets. ZnO nanowires would be formed when the droplets became 
supersaturated.  
 
Figure 2.11. Schematic diagram showing the formation of the SnO2/ZnO hierarchical 
nanostructures (Lan et al., 2012)  
 
Hydrothermal method is a low cost method to fabricate various morphologies of 
nanostructure. Liu et al. (2008b) and Shi et al. (2007) grew SnO2-capped ZnO nanowire 
array on Zn substrate by two-step hydrothermal method. Initially, the ZnO nanowire 
arrays were grown on the Zn foil via 10 mL 2M NaOH and 5 mL 30% H2O2. The mixed 
solution and Zn substrate were transferred into the autoclave and temperature was 
maintained at 190 °C for 8 h. After that, another mixed solution with pH>12 was 
prepared using SnCl4.5H2O and NaOH. Tin solution was transferred into autoclave with 
ZnO nanowire formed on Zn foil. The temperature was maintained at 160 °C for 30 h. 
SEM image in Figure 2.10(f) shows the ZnO nanowires and SnO2 caps observed after 
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end of the process. In this process, H2O2 was served as strong oxidant for the Zn foil in 
alkaline solution of NaOH. Therefore, ZnO nanocrystals formed on Zn foil which 
become as nuclei for further growth of ZnO nanocrystals during the oxidation. The 
produced strong oxidizing environment assists as a kinetic driving force and promotes 
the anisotropic development and thus the growth of elongated nanocrystals. Due to this, 
ZnO nanowire arrays on the Zn foil were formed as nanowires. This nanowire arrays on 
the Zn substrate served as a template for the growth of SnO2 cap. Furthermore, Choi et 
al. (2013) fabricated ZnO-SnO2 nanofiber-nanowire heterostructure (NNH) in the form 
of stem-branch structure. In the NNH, the SnO2 nanowire branches were grown through 
vapour-liquid-solid (VLS) growth on ZnO nanofiber stems synthesized by 
electrospinning.  
 
Among all the processing, the obtained nanostructures in a single-step processing 
consist of hybrid nanofibers, nanobelts, core-shell nanostructures and hierarchical 
nanostructures with varying dimensions. Two-step synthesis processing yields a variety 
of nanostructures including core-shell nanostructures and hierarchical nanostructures, 
though the yield is poor in some cases. Hydrothermally grown nanostructures had 
limited length, while vapour transport and electrospinning methods provide long 
nanowires with fast growth rate. A summary of these processing details for the growth 
of ZnO/SnO2 nanostructures is presented in Table 2.2. 
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Table 2.2. Summary of various processing routes for the production of ZnO/SnO2 nanostructures 
Type of 
synthesis 
process 
Synthesis Method Morphology Starting materials 
Synthesis 
temperature 
Reference 
Single-step 
Electrospinning  ZnO-SnO2 nanofiber 
SnCl2.2H2O, N,N-dimethylformamide 
(DMF), Polyvinylpyrrolidone(PVP), ZnCl2 
600 °C 
Song & Liu, 2009;  Song et al., 
2009;  Zhang et al., 2010 
Electrospinning ZnO-SnO2 nanofiber 
Polyvinyl alcohol (PVA), Zn(CH3CO2)2, 
SnCl2.2H2O 
600 °C 
Asokan et al., 2010 
 
Electrospinning Mesoporous ZnO-SnO2 nanofibers SnCl2.2H2O, (DMF), ethanol, ZnCl2, PVP 600 °C Song et al., 2009 
Electrospinning SnO2-ZnO hollow  nanofibers 
DMF, ethanol, ethyl acetate, PVP,  
Zn(CH3CO2)2.2H2O, SnCl2.2H2O 
500 °C Wei et al., 2011 
Electrospinning  
Hollow hierarchical SnO2-ZnO 
composite nanofibers 
SnCl2·2H2O, Zn(NO3)2·6H2O, PVP, DMF, 
ethanol 
600 °C 
Tang et al., 2014 
Tian et al., 2013 
Electrospinning 
SnO2 nanofibers-ZnO nanonodules 
(core-shell nanofiber)  
Poly(acrylonitrile) (PAN), PVP, zinc 
acetate, SnCl4.5H2O, DMF 
600 °C  Lee et al., 2012a 
Thermal evaporation 
SnO2 nanowires coated quantum 
sized ZnO nanocrystals 
SnO powder, ZnCO3, graphite powder, mesh 
substrate, Ar  
900  °C Yu et al., 2005 
Thermal evaporation hybrid ZnO-SnO2 nanobelt Zn powder, Sn powder, Si substrate, Ar, O2 850 °C Sinha et al., 2012 
Vapor-phase 
transport  
SnO2 triangular nanoparticles on 
ZnO nanobelt 
SnO powder and ZnO/C mixed powder 
placed separately, Si substrate, N2  
900 °C Wang et al., 2007 
Chemical vapour 
deposition 
side-to-side SnO2/ZnO/SnO2 
triaxial nanobelt 
Sn powder, Zn powder, Si substrate 1000 °C Zhao et al., 2006 
Hydrothermal 
ZnO-SnO2 hierarchical 
nanostructures 
Zinc acetate, tin tetrachloride, NaOH, 
glucose 
180 °C Li et al., 2011 
Two-step 
 
Thermal evaporation 
SnO2-core/ZnO-shell nanowires 
Sn powder, Au catalyst, Si substrate, N2, O2 900 °C Park et al., 2013a 
Kim et al., 2012 
ALD Diethylzinc (DEZn), H2O 150 °C 
Thermal evaporation 
SnO2-core/ZnO-shell nanowires 
Sn powder, Au catalyst, alumina substrate, 
Ar, O2 
950 °C 
Pan et al., 2012 
ALD 
 
DEZn, H2O, N2 - 
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Thermal evaporation ZnO-SnO2 hierarchical 
nanostructures 
Sn powder, Ar flow 800 °C 
Sun et al., 2007 
Thermal evaporation Zn powder, Ar flow 800 °C 
Vapour transport 
ZnO nanorod arrays on SnO2 
nanowire backbones 
SnO2 powder, graphite powder, Au catalyst, 
Si substrate 
1050 °C 
 
Cheng et al., 2009 
hydrothermal 
Zinc nitrate hexahydrate, 
hexamethylenetetramine 
95 °C 
Vapour transport 
Brush-like SnO2/ZnO hierarchical 
nanostructure 
SnO2 powder, graphite powder, Au catalyst, 
Sapphire substrate 
1000 °C 
Dai et al., 2013 
hydrothermal 
Zinc acetate dehydrate (Zn(CH3COO)2 
.2H2O), hexamethylenetetramine (HMT) 
90 °C 
Carbon assisted 
thermal evaporation SnO2/ZnO hierarchical 
nanostructures 
SnO2/C powder, Ar, O2, Au catalyst, Si 
substrate 
800 °C 
Lan et al., 2012 
Carbon assisted 
thermal evaporation 
ZnO/C powder, Ar 850 °C 
Carbothermal 
reduction ZnO-core/SnO2-shell nanowires 
ZnO powder, graphite powder, Au catalyst, 
Si substrate, Ar, O2 
900 °C 
 Hwang et al., 2010b 
Vapour transport Tetramethyltin (CH3)4Sn, Ar, O2 700 °C 
Electrodeposition ZnO/SnO2 hierarchical and flower-
like nanostructures 
Zn(NO3)2,  NH4Ac,  HMT - 
Liu et al., 2012 
hydrothermal SnCl2,  sodium citrate,  NaOH 120 °C 
Hydrothermal SnO2/ZnO core-shell nanorods and 
nanoflowers 
SnCl4.5H2O, NaOH, ethanol 210 °C 
Jiang et al., 2013 
Hydrothermal Zinc acetate dihydrate,  C6H12N4, ethanol 85 °C 
Hydrothermal 
SnO2 capped ZnO nanowires 
NaOH, H2O2, Zn substrate 190 °C 
Liu et al., 2008a; Shi et al., 2007 
Hydrothermal SnCl4.5H2O, ethanol, distilled water 160 °C 
Electrospinning ZnO-SnO2 nanofiber–nanowire 
heterostructure 
Zinc acetate ((CH3CO2)2Zn), Polyvinyl 
acetate (PVA) 
600 °C 
Choi et al., 2013 
VLS growth method Sn powder, N2, O2 900 °C 
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2.5.2 Sensing Performance of ZnO/SnO2 Nanostructures     
The sensor performance of ZnO/SnO2 nanostructures depends greatly on the processing 
techniques, surface morphology, arrangement of sensor fabrication and operating 
temperature. Various target gases such as, CO, methanol (CH3OH), H2S, ethanol 
(C2H5OH), acetone (C3H6O), H2, trimethylamine (C3H9N), NO2  and toluene have been 
tested to evaluate the performance of ZnO/SnO2 nanostructured sensors. Main 
performance parameters for gas sensors are sensitivity, response time, recovery time, 
detection range, and optimum working temperature. Reported gas sensing properties for 
a variety of ZnO/SnO2 nanostructures for different gas species is summarized in Table 
2.3. 
 
In general, the sensitivity of ZnO/SnO2 nanostructures increases with increasing target 
gas concentration, owing to the fact that both ZnO and SnO2 are n-type semiconductors. 
Depending on the processing route, ZnO/SnO2 nanostructures can be obtained in 
different surface states, size and morphology. Changes in these parameters can result in 
variations in gas sensing properties. For example, the surface morphology of ZnO/SnO2 
hierarchical nanostructures greatly affects the performance of the sensor. Li et al. (2011) 
showed that the flower-like nanostructure improves the sensitivity of ethanol (C2H5OH) 
than column-like or microcrystal nanostructure. A rougher surface exhibits higher 
sensitivity because it provides more active sites for oxygen and reducing gases on the 
surface of the sensor material. Also, nanostructures having smaller size have higher 
surface area resulting in higher gas sensitivity. 
 
The sensitivity of ZnO/SnO2 nanostructures towards ethanol is high compared with 
other target gases which are shown in Table 2.3. The resistivity of an n-type ZnO/SnO2 
sensor is decreased when exposed to reducing C2H5OH environment. Thus far, different 
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types of nanostructures including core-shell nanowires, hybrid nanofibers and 
hierarchical nanostructures were examined to evaluate their performance towards 
C2H5OH gas. It was seen that flower-like hierarchical ZnO/SnO2 nanostructures had 
higher sensitivity than thin film and hybrid nanofibers (Kim et al., 2007a; Li et al., 
2011; Song & Liu, 2009). Among all described nanostructure assemblies, hierarchical 
nanostructures showed the highest sensitivity (209.8) towards ethanol gas at a 
temperature of 300 °C and a concentration of 1000 ppm (Li et al., 2011). It was claimed 
that flower-like nanostructure with small diameters provide high surface area for sensor 
performance, thus sensitivity was augmented. Based on the literature, the response and 
recovery times of ZnO/SnO2 nanostructures were few tenths of seconds which are very 
less compare to ZTO nanostructures in an ethanol environment (Khorami et al., 2011). 
Another important parameter is the optimum operating temperature for which data 
shows within the range of 300-450 °C. Khong et al. (2012b) reported that the enhanced 
ethanol sensing was due to dehydrogenation process of ethanol with basic oxides. At 
elevated temperature, ethanol (C2H5OH) molecules can be decomposed and formed into 
CH3CHO and H2 molecules. This CH3CHO molecule can react with adsorbed oxygen 
species and released the trapped electron back to the surface of the structure. Thus, the 
sensitivity was improved in ZnO/SnO2 nanostructures. SnO2-core/ ZnO-shell nanowires 
showed the response of 14.1 for 100 ppm ethanol at 400 °C (Thanh Le et al., 2013). 
They explained that the greater sensitivity was due to combination of ZnO-SnO2 
heterointerfaces at the grain-grain junction in the ZnO shell by lowering the potential 
barrier height via ethanol sensing.   
 
Many reports in the literature agree that ZnO/SnO2 nanostructures have poor sensitivity 
towards H2 gas compared with ethanol (Huang et al., 2011; Mondal et al., 2014). 
However, it is also observed that ZnO-modified SnO2 nanorod array sensor showed n-p-
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n transition in its sensing response to H2 in a wide working temperature between 150 °C 
and 450 °C, while the sensor exhibited n-type response to other test gases CO, NH3 and 
CH4 gas (Huang et al., 2011). They found that the type of sensing response depends on 
the concentration of the H2 gas. The ZnO-modified SnO2 nanorod sensors showed a 
normal n-type sensing response from 10 to 20 ppm and above the H2 concentration of 
2000 ppm, while p-type sensing response was switched to between 20 ppm and 1000 
ppm H2 concentration. The time-dependent n-p-n transition response was reported due 
to modification of ZnO. The dominant carriers at the interface of ZnO and SnO2 were 
inverted from electrons to holes because of electron depletion by surface adsorption and 
increasing holes by substitution of Sn
4+
 ions by Zn
2+
 cations. Therefore, formation of n-
ZnO/ p-Zn-O-Sn/ n-SnO2 heterojunction structures explained the n-p-n transitions of the 
ZnO-modified SnO2 nanorod sensor. Mondal et al. (2014) developed ZnO/SnO2 
nanocomposites sensor, which showed very less response of 0.9 to 10 000 ppm H2 at 
150 °C. 
 
ZnO/SnO2 nanostructures also displayed a good response towards oxidizing NO2 gas 
detection. The resistance of the sensor increased when exposed to NO2 environment 
(Park et al., 2013a). ZnO/SnO2 stem-branch heterostructure floated on Au interdigitated 
mask substrate was able to detect NO2 gas down to 0.1 ppm level at 350 °C (Choi et al., 
2013). Additionally, ceramic tube type sensor containing composite of ZnO nanorods 
and SnO2 nanoparticles detected NO2 gas at the 0.5 ppm level at room temperature (Lu 
et al., 2012). The sensitivity of this ZnO/SnO2 composite was reported to be more than 
1000 towards 0.5 ppm of NO2 at room temperature under UV illumination. In this case, 
the photo-generated carriers were produced after the semiconductor absorbs UV light. 
Therefore, carriers moved to the surface of the semiconductor and participated in the 
reaction with NO2 gas, thus the sensitivity is enhanced. The hybrid fibre-mats structure 
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(Park et al., 2010) had higher response by an order of magnitude compared with the 
SnO2-core/ZnO-shell nanowires (Park et al., 2013a). The difference between the 
sensing properties of these two structures can be ascribed to the differences in their 
morphologies. The more porous structure of ZnO/SnO2 resulted in higher surface area 
available for reaction in hybrid fibre-mats, compared to the SnO2-core/ZnO-shell 
nanowire having a lower effective surface area. Even though, the response and recovery 
times were short to ZnO-core/SnO2-shell nanowires (Hwang et al., 2010b) compared to 
hybrid nanofibers. It was varied from few tenths of seconds to few minutes. 
 
ZnO-SnO2 nanofiber-nanowire stem-branch heterostructure have been reported to have 
a good response to CO at low concentration (Choi et al., 2013). They measured the 
sensitivity of hierarchical nanostructure at 300 °C, which exhibited the sensor response 
of 27 at 10 ppm of CO. In this case four components of resistance involved the sensing. 
They are modulation of the depletion width along the branch nanowires, potential 
barriers at nanograins in the stem nanofibers, both ZnO and SnO2 networked 
homojunctions and heterojunctions between the stems and branches. Due to the 
variation of four components with target gas were likely to be the reason for the good 
sensing ability. But, the sensitivity of SnO2 triangular nanoparticles on ZnO nanobelt 
(Wang et al., 2007) exhibited low sensitivity compared to hierarchical nanostructures 
reported by Choi et al. (2013). It was seen that sensitivity of 300 ppm CO gas was 4.6 at 
350 °C. But the response time (52 s) and recovery time (550 s) were too high.       
 
Sensitivities of ZnO/SnO2 hollow nanofiber and nanofiber web towards toluene was 
investigated by Wei et al. (2011) and Song et al. (2009). Hollow nanofibers exhibited 
good sensitivity of 25 at concentration of 100 ppm at low working temperature of 190 
°C. But, nanofiber web sensor showed less sensitivity (9.8 for 100 ppm) and increased 
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optimum temperature of 360 °C than hollow nanofibers.  It was claimed that the higher 
sensitivity in the hollow nanofibers was due to the increased porous structure and thus 
target gas react with all over the surface. On the other hand, the prolong response and 
recovery times were observed for hollow nanofibers than nanofiber mats due to slow 
down of adsorption and desorption reaction on the nanofiber‘s surface at low operating 
temperature. 
 
In summary, it is observed that ZnO/SnO2 nanostructures can detect ethanol gas most 
efficiently. But, ZnO-nanorod/SnO2-nanoparticle composite exhibited higher sensitivity 
for NO2 gas under UV light radiation. The sensitivity of one dimensional ZnO/SnO2 
nanostructures and thin films towards other gases such as CO, methanol, H2S, acetone 
and toluene is relatively low compared with hierarchical nanostructures. The response 
and recovery times show a direct dependence on the target gas. The performance of the 
sensors depends greatly on the morphology of ZnO/SnO2 nanostructures and the 
working temperature used. 
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Table 2.3. Summary of gas sensing properties of ZnO/SnO2 nanostructures 
Test gases Morphology 
Detection 
temperature 
(°C) 
Detection 
range 
(ppm) 
Optimu
m 
Temp 
 (°C) 
Gas response 
Respon
se time 
Recovery 
time 
Reference Sensitiv
ity 
Concentra
tion (ppm) 
Temperatu
re  (°C) 
CO 
SnO2 triangular nanoparticles on 
ZnO nanobelt 
- - - 
4.6 A 
 
300  350  52 s 550 s Wang et al., 2007 
ZnO/SnO2 heterocontact - - 380 
7 A 
 
200 380  - - Yu & Choi, 1999 
ZnO-SnO2 composite - - 360 12 
A 200 360  - - Yu & Choi, 1998b 
ZnO-SnO2 nanofiber-nanowire 
heterostructure 
300  1-90 - 27 A 10  300  - - Choi et al., 2013 
Methanol  
Hollow hierarchical SnO2-ZnO 
composite nanofibers 
350  1-500  350 ~5.5 A 10  350  20 s 40 s Tang et al., 2014 
H2S SnO2-core/ZnO-shell nanorods RT 20-100 - 3.3 
A 100  RT 900 s 800 s Kim et al., 2012 
Ethanol 
SnO2/ZnO hierarchical 
nanostructures 
400  25-500 - 3 A 25  400  - - Khoang et al., 2012b 
ZnO-SnO2 nanofiber 300  1-10000 - 18 
A 100  300  5 s 6 s Song & Liu, 2009 
ZnO-SnO2 hierarchical 
nanostructures 
300  10-1000 - 209.8 A 1000  300  - - Li et al., 2011 
Mesoporous ZnO-SnO2 
nanofibers 
300  5-10000 - 12.8 A 50  300  3 s 8 s Song et al., 2009 
SnO2-ZnO thin film  - - 300 4.69 
A 200  300  72 s 164 s Kim et al., 2007a 
flower-like ZnO–SnO2 
composite 
400  5-100 - 1.52 A 5  400  10 s 10 s Cui et al., 2012 
SnO2/ZnO composite nanofibers 360  
27.7-
5000 
360 3 A 27.7  360  14 s 2 s Khorami et al., 2011 
SnO2-core/ZnO-shell nanowires 400  25-500 400 14.1
 A 100  400  - - Thanh Le et al., 2013 
ZnO-doped porous SnO2 hollow 
nanospheres 
150  10-500 150 14.7
 A
 100  150  10 s 23 s Ma et al., 2013 
SnO2 doped ZnO thin film 450  1-200 450 40 
A 200  450  - - Nanto et al., 1996 
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Acetone ZnO doped SnO2 nanocrystals 320  10-350 320 48 
A 100  320  - - Tian et al., 2012 
H2 
ZnO-modified SnO2 Nanorod 350  10-3000 350 18.4 
C 100  350  - - Huang et al., 2011 
ZnO–SnO2 
micro/nanocomposite 
150  
1000-
10000 
150 0.9 D 10000  150  60 s 75 s Mondal et al., 2014 
Trimethyla
mine 
SnO2-ZnO nanocomposite 330  1-500 240  125 
A 50  330  2 s 5 s Zhang & Zhang, 2008b 
NO2 
ZnO nanorod/SnO2 
nanoparticles 
RT 0.1-2 - 1266
 B 
 0.5 20  420 s 480 s Lu et al., 2012  
SnO2-core/ZnO-shell nanowires RT 1-5 - 6.19 
C 5 RT 100 s 220 s Park et al., 2013a 
SnO2- coated ZnO nanofiber 200  0.4-5.5 - 100 
C 5.5  200  - - Moon et al., 2009a 
ZnO-core/SnO2-shell nanowires 200  0.5-10 - 66.3 
C 10 200  ~53 s ~62 s Hwang et al., 2010b 
SnO2-ZnO hybrid nanofibers 200  0.4-4 180 105 
C 4  200  - - Park et al., 2010 
ZnO-SnO2 nanocomposite - - 250 34.5 
C 500  250  - - Liangyuan et al., 2008 
ZnO-SnO2 nanofiber-nanowire 
heterostructure 
350  0.1-70 - 35 C 0.1  350  ~250 s ~250 s Choi et al., 2013 
Oxygen SnO2-core/ZnO-shell nanofibers 300  70-2000 - 0.2 
B 70  300  - - Choi et al., 2009 
Toluene ZnO-SnO2 nanofibers 360  1-25000 360 9.8
 A 100  360  5 s 6 s Song et al., 2009 
 SnO2-ZnO hollow nanofibers 190  1-300  190 50.2 
A 300  190  11 s 23 s Wei et al., 2011 
 
 
A= (Ra/Rg), B=(Rg-Ra)/Ra, C=(Rg/Ra), D= (Ra-Rg)/Ra 
where, Ra- Resistance in ambient environment, Rg- Resistance in test gas environment, and RT- room temperature. 
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2.6 Gas Sensors based on Zn2SnO4 Nanostructures 
2.6.1 Growth and Characterization 
The processing routes developed for the growth of Zn2SnO4 nanostructures can be 
divided into two categories. They are wet processing route and vapour-phase processing 
route. The wet processing routes include hydrothermal, electrospinning, sol-gel, 
solvothermal and chemical-solution method. But, vapour-transport and thermal 
evaporation methods represent vapour phase processing routes.  
 
Limited reports of the production of ZTO nanostructures by hydrothermal methods have 
been reported as compared to ZnO/SnO2. There are a number of morphologies, such as 
hierarchical nanostructures, nanoflowers and nanoparticles were produced by this 
method, while nanowires are seldom generated by this process. However, Chen et al. 
(2011) reported an inexpensive fabrication technique for spinel ZTO flower-like 
hierarchical nanostructures at a low temperature compared to Mary Jaculin et al. (2013). 
A solution containing Zn(CH3COO)2.2H2O, Na2SnO3.4H2O, Cetyltrimethylammonium 
bromide (CTAB) and ethylenediamine (EDA) was employed for the growth of ZTO 
flower-like hierarchical nanostructures at 180 °C. Precipitate was transferred to 
substrate for fabricating tube-like ultrasensitive sensors (Chen et al., 2011). The 
resulting flower-like hierarchical nanostructures are self-assembled from uniform 
nanorods with diameters of approximately 100 nm and they have good mechanical 
stability even at ultrasonic conditions (Figure 2.12(a)). The morphology and dimension 
of flower-like hierarchical nanostructures were function of growth times, amount of 
CTAB surfactant and EDA ligand in solution. Irregular cubes were produced by 
decreasing the concentration of CTAB and reaction time, and increasing the 
concentration of EDA in solution. Experimental results showed cooperation of self-
assembly and Oswald ripening processes assist the formation of flower-like hierarchical 
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structure. Similarly, Mary Jaculin et al. (2013) demonstrated ZTO nanoflower by the 
same method without the use of seeds or templates or surfactants. The morphology with 
dense bouquet of flowers was obtained at a higher temperature growth due to enhance 
the atomic mobility and caused the better grain growth. These nanoflowers have 
multilayered petals, which are uniform in size like a cluster of nanosheets of 90 nm 
thickness (Figure 2.12(b)). In this case, the morphology of ZTO was strongly influenced 
by the reaction temperature and the reaction time. In contrary, Jiang et al. (2011), 
Annamalai et al. (2011) and Kim et al. (2011) were synthesized ZTO nanoparticles 
using the same method.  
 
A solvothermal process was also used to produce ZTO nanostructures (Jiang et al., 
2012; Sun et al., 2014; Li et al., 2012). The morphology of nanoparticles and nanowires 
were obtained in this method. Jiang et al. (2012) synthesized cube-like hierarchical ZTO 
particles. The mixed solution of ZnCl2 and SnCl4.5H2O was stirring vigorously until 
uniform suspension was formed. The suspension was then transferred to a autoclave and 
maintained at 220 °C for 6 h. After the autoclave was cooled to room temperature, the 
white precipitates were collected by centrifugation, washed to remove ions in the final 
product. Finally, the precipitates were dried at 60 °C in air. A SEM image shows that 
the as-prepared ZTO product is composed of a large number of uniform cube-like 
particles ranging from 1.5 μm to 2.5 μm in size (Figure 2.12(c)). Similarly, crystalline 
ZTO nanoparticles were synthesized via a simple solvothermal route by Sun et al. 
(2014). The nanoparticles were prepared using Zn(CH3COO)2⋅2H2O and SnCl4⋅5H2O as 
source materials, NaOH as mineralizing agent, and water and ethanol as mixed solvents. 
The size of these nanoparticles is measured to be about 5-8nm and 12-15 nm for molar 
ratio of OH
- 
: Zn
2+ 
: Sn
4+ 
of 4 : 2 : 1 and 8 : 2 : 1, respectively. These nanoparticles 
exhibit superior photocatalytic properties due to their small crystal size and high surface 
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area. In contrast, Li et al. (2012) demonstrated ZTO nanowire arrays for the first time 
grown onto a stainless steel mesh in a binary ethylenediamine/water solvent system 
using the similar method. The nanowires have needle-like sharp tips, diameters in the 
range 20-50 nm and lengths up to several μm, which are parallel to one another and 
perpendicular to the substrate. These nanowires exhibit great bendability and flexibility 
proving a potential advantage over other metal oxide nanowires such as TiO2, ZnO and 
SnO2 as photoanodes for flexible solar cells. 
 
Choi et al. (2011) grew ZTO nanofibers by the electrospinning technique. In this 
process, the precursor solution containing zinc acetate, tin(IV) acetate and two different 
kinds of polymers (PVA and PVP). As-spun Zn-Sn composite fibers exhibited 
randomly oriented fibers in the form of nonwoven mats with diameters ranging from 
380 to 718 nm and lengths of several hundred micrometres. The formation of 
polycrystalline ZTO fibers was observed after calcination of the composite fibers at 700 
°C. Therefore, crystallization of Zn-Sn precursors formed into inverse spinel ZTO. 
Diameters of the ZTO fibers ranged from 352 to 705 nm, which are smaller than those 
of as-spun fibers (Figure 2.12(d)). This calcined ZTO fibers exhibited a porous surface 
and lotus-root-like morphologies due to decomposition of PVAs. 
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Figure 2.12. Various morphologies of Zn2SnO4 nanostructures: (a) hierarchical 
nanostructure (Chen et al., 2011), (b) nanoflower (Mary Jaculine et al., 2013), (c) cube-
like nanoparticles (Jiang et al., 2012), (d) nanofibers  (Choi et al., 2011), (e) zig-zag 
nanowire (Wang et al., 2007), (f) nanobelts and nanoring (Wang et al., 2004), and (g) 
dentritic structure (Jun et al., 2008). 
 
 
Two different vapour phase routes were developed in reported literature according to 
their growth mechanism of ZTO nanowires. They are vapour-liquid-solid (VLS) and 
vapour-solid (VS) mechanism processes. In VLS mechanism growth process, two kinds 
of catalysts including Au and Sn were used for the growth of ternary ZTO nanowire, 
where Sn is act as self-catalytic (Su et al., 2007). In the VLS growth process, Zn2SnO4 
nanostructures are fabricated mainly by thermal evaporation of a powder mixture of 
ZnO + SnO (Chen et al., 2005) or Zn + SnO (Chen et al., 2012) or ZnO + SnO2 (Jie et 
al., 2004) or ZnO + SnO + C (Jun et al., 2008; Pang et al., 2010) or ZnO + SnO (Su et 
al., 2007) on Au coated substrate. In contrast, Zn + SnO (Chen et al., 2011; Wang et al., 
2007; Wang et al., 2004; Wang et al., 2004) or Zn + Sn (Liang et al., 2012; Wang, et 
al., 2005) powder mixtures were used for the VS growth of ZTO nanowires.  
 
Reports on a series of ZTO nanostructures with very different morphologies have been 
published by the Xie group, who conducted similar evaporation experiments. They so-
far demonstrated ZTO quasi-1-D nanostructures, including smooth nanobelts, nanorings 
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(Wang et al., 2004), chainlike single-crystal wires (Wang et al., 2004) and twinned 
wires (Wang et al., 2007). In the following, the two types of extraordinary 
nanostructures are selectively discussed. The first is the twinned nanowire. Wang et al. 
(2007)  reported VLS grown twinned ZTO nanowires by evaporating powder mixtures 
at 1000 °C with two types of weight ratios. In one case a ratio of Zn : SnO= 1:3 gave 
twinned nanowires (Figure 2.12(e), whereas in the other case, a ratio of Zn : SnO= 2:1 
was needed for the production of nanobelts and ring (Figure 2.12(f)). All these ZTO 
wires have a [1 ̅1] growth direction, with the twin planes being (1 ̅1) and the twinning 
direction perpendicular to the wire axes. The second is the single-crystal chainlike 
nanowire (Figure 2.12(e)). Structurally this type of wire was formed by a sequential 
stacking of rhombohedral nanocrystals along the [1 ̅1] direction. But according to the 
careful electron tomography study by Kim et al. (2008), who also obtained both types 
of chainlike ZTO nanowires and the above structure of the twinned nanowires were 
actually the same.  
 
Jie et al. (2004) observed diameter modulated ZTO nanowires composed of linked 
ellipses using thermal evaporation of equal molar powder of ZnO and SnO2 powder at  
1400 °C under low pressure of 150 torr. In this process, diameter modulated ZTO 
nanowires were obtained due to variation of concentration of vapours. The high-
temperature evaporation and deposition method involves a complicated thermodynamic 
and kinetic process. Therefore partial pressures of oxygen and ZnO/SnO vapour are 
very inhomogeneous which causes disturbances of the Au–Zn–Sn ternary droplet size in 
the VLS growth and hence diameter oscillations. Moreover, such an evaporation 
method usually ends up with a mixture of different phases and structures in the growth 
set. For example, ZnO and ZTO nanowires were identified in the XRD analysis (Jie et 
al., 2004). 
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In the work of Jun et al. (2008), thermal evaporation and condensation process is 
utilized for the production of periodic ZTO dentritic nanostructures . In this procedure, 
ZnO powder was mixed with SnO and activated carbon powder with weight ratio of 
6:4:1. The Au coated (~1 nm thick) Si substrate was used as a substrate to grow 
nanostructure under 2 Pa pressure at the temperature of 900 °C. The flow rate of 300 
sccm Ar with 1 sccm O2 was purged. The resulting nanodentric had several hundreads 
of micrometers in length. The branch arrays are distributed only on one side of a rough 
trunk to form a dendritic structure as shown in Figure 2.15 (g). Moreover, branches 
reveals that it has own periodic structure formed by a row of overlaid rhombohedra of 
nanocrystals along the axis of the branch. At each junction between the trunk and the 
branch has pyramid structure. Besides the ZTO dendrites, there are some axially 
periodic ZTO nanowires. The growth mechanism of nanodentric is mainly governed by 
VLS growth and surface diffusion of Au to form branches. Both Zn and Sn vapours 
react with Au and form Au-Zn-Sn alloy. Then this alloy further reacts with oxygen and 
form ZTO nanowires. After, the nanowires grown at first stage serve as substrate for the 
secondary deposition of the Au catalyst to grow branches. The detailed mechanism of 
the growth is not unclear. 
  
Among the synthesis methods, thermal evaporation and hydrothermal are the most 
commonly employed methods for the production of ZTO nanostructures. The 
nanostructures obtained by hydrothermal and electrospinning processes are 
nanoparticles (cube, hierarchical) and nanofibers, respectively. However, presence of 
Au or Sn catalyst is essential during VLS mechanism assisted growth process for the 
production of ZTO nanowires. In the thermal evaporation process, temperature (900-
1000 °C) and low pressure are involved and a variety of nanostructures could be 
obtained including nanowires (normal, zigzag), nanobelts, nanoring and nanodentritics. 
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In this synthesis method, ZTO nanostructures grow not only in the presence of Au/Sn 
catalyst but also in the absence of catalyst.  
 
2.6.2 Sensing Performance of Zn2SnO4 Nanostructures 
In the reported literatures, the sensitivity of ZTO nanostructures was evaluated for 
different target gases such as liquefied petroleum gas (LPG), ethanol, n-butylamine 
(C4H9NH2), H2S, CO, NO2 and NO. The morphology of the nanostructures employed 
for sensing included nanowires, nanorods, hierarchical nanostructures, nanofibers, 
nanoparticles and thin films. Sensitivity, optimum detection temperature, response time 
and recovery time were considered to evaluate the sensing performance.  
 
Chen et al. (2011) synthesized zigzag ZTO nanowires by thermal evaporation method 
for ethanol sensing. The sensitivity of zigzag ZTO nanowires was 12 upon exposure to 
50 ppm ethanol. The detection or working temperature is not reported in this work. The 
response and recovery time were about 7 s and 8 s, respectively. Nanorods with a 
flowerlike morphology developed by Chen et al. (2011) had a response of 5 at 128 °C 
for 20 ppm ethanol concentration. The response was further increased by annealed of 
nanorods with a flowerlike morphology. It was seen that the sensitivity of annealed 
sensor had a response of 8 at 128 °C for 20 ppm, which was superior to that of the un-
annealed sensor. The increased sensitivity with annealed sensor on ZTO flower like 
hierarchical structure was explained by the basic nature of formation of defects during 
annealing. Chen et al. (2015) showed flower-like ZTO structure had significance 
difference response towards C2H5OH with compact structure, which were prepared by 
similar synthesis procedure. Flower-like structure (30.4 for 50 ppm) exhibited ~3 times 
enhanced sensitivity than compact structure (12.8 for 50 ppm). The improvement of 
sensing performance was explained by increased effective surface area of the 
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hierarchical nanostructure. The compact structure showed greater response and recovery 
times for ethanol (13 s and 15 s) than the flower-like structure (9 s and 7 s). For the 
compact structure, the ethanol is difficult to diffuse into the interior structure, thus 
sensing reactions can only happen at the outer surface. As a result response shows low 
value and retard the fast response and recovery times. Choi et al. (2011) developed 
dense and porous ZTO nanofibers by electrospinning process. The gas response to 100 
ppm of C2H5OH of porous ZTO nanofibers (300) was 3.75 times higher than that of 
dense ZTO nanofibers (80). The enhanced C2H5OH sensing of porous nanofibers was 
attributed to their highly porous structure with a higher surface area (29.02 m
2 
g
-1
) and 
larger accessible pore volume than that of dense ZTO nanofibers. Therefore, porous 
structure facilitated fast gas transport and enhanced the sensitivity. The response to 100 
ppm CO (~10) and H2 (~10) was very negligible with C2H5OH (~300) at 450 °C. Thus, 
the selective detection of C2H5OH was observed with the minimum interference of CO 
and H2. 
 
The performance of ZTO nanocomposites was evaluated for LPG gas and the response 
to 250 ppm concentration was found to be 2.5 at 375 °C (Singh et al., 2010). It was also 
observed that the response tended to decrease from 2.5 to 1 with an increase in 
annealing temperature from 400 to 800 °C. They explained this behaviour was due to 
the annealing that had promoted the grain growth and led to decrease in the sensor 
sensitivity. The slow recovery was described by the sluggish surface reactions of 
adsorption, dissociation, and ionization of oxygen. It was found that with an increase in 
temperature the recovery time decreased. Sivapunniyam et al. (2011) attempted to 
improve the sensing performance of the sensor towards LPG by surface modification of 
ZnO nanorods using ZTO microcubes. They observed high response of 63% for 3000 
ppm LPG at 250 °C when compared to sensor with pure ZnO nanorod (59%).  The 
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enhancement in response was attributed to the chemical composition and crystal 
morphology of the ZTO that offers enhanced active sites for reaction of LPG molecules 
with adsorbed oxygen. The orientation and morphology of the crystals are the main 
factors influencing the adsorption and desorption processes. The ratio of edge and 
corner atoms increased as the size of the crystal domain become smaller, while the 
surface topology also became increasingly roughened. The crystal size distributions 
provide an opportunity to tailor the interaction and adsorption of gas molecules on the 
exposed surfaces of ZTO cubic structures on ZnO nanorods. Therefore, sensor 
performance was increased for LPG gas.  
 
The multiple networked ZTO-core/ ZnO-shell nanorod sensors showed a response of 
498 % to NO2 concentrations of 5 ppm at 300 °C (Park et al., 2013b). These response 
values are 4 times higher than those of the ZTO nanorod sensor (118 %) and 90 times 
greater than those of the ZnO nanorod sensor (5.56 %) over the same NO2 concentration 
range. The substantial improvement in the response of the ZTO nanorods to NO2 gas by 
the encapsulation of ZnO can be explained by the space-charge model. The calculated 
length of depleted layer was ~21.7 nm at 300 °C, whereas the observed thickness of 
ZnO shell was 20 nm. Therefore ZTO core also depleted during sensor response. Thus, 
effect of hetero-structure gave improved response towards NO2 in core/shell structure. 
The response time of core/shell nanorods was also found to be faster (90 s) compared to 
undoped ZnO nanorod (370 s) or ZTO nanorod (100 s). Further, Ganbavle et al. (2014) 
developed ZTO thin film based sensor. It showed that highest response was achieved of 
2.66 for NO2 concentration of 200 ppm at 200 °C and selectively sensed against of NH3, 
CO, LPG, SO2 and H2S. This greater sensitivity was attributed to the common sensing 
mechanism of adsorption-desorption process. The relatively long response time was 
believed to be caused by the low chemical reaction rate. 
57 
 
Cube-like hierarchical structure of ZTO was exposed to various n-butylamine 
concentrations by Jiang et al. (2012). It is reported that the gas response of the ZTO-based 
sensor increased far slowly with n-butylamine (C4H9NH2) concentration, and the value of 
sensitivity at 400 ppm n-butylamine was 102.2. The adsorption of gaseous n-C4H9NH2 
molecules from both Zn sites and Sn sites of ZTO could help to promote surface reaction 
efficiency. Thus, the better sensitivity was observed to n-C4H9NH2, rather than to other 
tested gases like HCHO, CH3CN and CHCl3. Ma et al. (2012) developed a hollow ZTO 
microcrystal-based sensor for H2S detection. It was found that the sensitivity of hollow 
microcrystal at 260 °C was 45 for 100 ppm concentration. The improvement of sensitivity 
was ascribed to the higher surface area (43.768 m2/g) associated with the ZTO hollow 
structures.  
 
From the review of reported literature, it can be surmised that Zn2SnO4 nanostructure-based 
sensors were developed with reasonable success for detecting a range of gases including 
C4H9NH2, LPG, C2H5OH, H2S, NO2, CO and NO. However, the sensitivity and selectivity 
was improved by morphological modifications. The hierarchical structures were enhanced 
sensitivity by increased surface area. Additionally, preparation of Zn2SnO4 nanofiber also 
improves the sensitivity of the sensors by increased pores in its structure. The response 
times and recovery times were rarely reported in literature. A summary of Zn2SnO4 
nanostructured sensor performance is presented in Table 2.4. 
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Table 2.4. Summary of gas sensing properties of Zn2SnO4 (ZTO) nanostructures 
 
Tested gas Morphology 
Detection 
temperat
ure (°C) 
Detection 
range 
(ppm) 
Type of 
sensor 
Optimum 
temperatu
re (°C) 
Gas response 
Respon
se time 
Recove
ry time 
Reference Sensitiv
ity 
Concentr
ations 
(ppm) 
Tempera
ture (°C) 
n-butylamine 
ZTO cube-like hierarchical 
structure 
350 25-400 Tube - 102.2 A 400 350 - -  Jiang et al., 2012 
LPG 
ZTO microcubes on ZnO 
nanorods 
250 
2250-
3000 
Film - 
0.63 D 
 
3000 250 - - Sivapunniyam et al., 2011 
ZTO Composite 375 - Film - 2.5 E 250 375 - - Singh et al., 2010 
ZTO nanoparticles 400 50-500 - - 0.65 100 400 - - Devi & Hamoon, 2012 
Ethanol 
Zigzag ZTO nanowires - 1-200 Tube - 12  A 50 - 7 s 8 s Chen et al., 2011 
flower like ZTO nanostructures 128 10-100 Tube 128 8 A 20 128 - - Chen et al., 2011 
Quasi-cubic ZTO nanoparticles 325 30-600 Tube 325 94.3 A 600 325 - - Jiang et al., 2011 
ZTO -SnO2 nanocomposites 300 25-500 Tube 300 0.85
 D 500 300 - - Lu & Tang, 2005 
ZTO nanofiber 450 1-100  - 300 A 100 450   Choi et al., 2011 
3D hierarchical flower  5-100   30.8 A 50 380 9 s 7 s Chen et al., 2015 
polliwog-like Sn/ZTO structure 240 25-600 Tube 240 42 C 200 240 - - Han et al., 2013 
H2S ZTO hollow microcrystal 260 1-100 Tube - 45
 A 100 260 10 s 25 s Ma et al., 2012 
CO SnO2-ZTO composite - - pellet 350 12 
A 200 350 - - Moon et al., 2001  
NO2 
ZTO thin film 200 50-200 Film 200 2.66 D 200 200 43 s 326 s Ganbavle et al., 2014 
ZTO core/ZnO shell  nanorod  300 1-5 Film - 4.98 C 5 300 90 s 100 s Park et al., 2013b 
NO ZTO thin film - - Film 420 5.6 A 120 420 - 90 s Stambolova et al., 1998 
 
A= (Ra/Rg), B=(Rg-Ra)/Ra, C=(Rg/Ra), D= (Ra-Rg)/Ra, E=(G-Go)/Go, where, Ra- resistance in ambient environment, Rg- resistance in test gas 
environment, G- conductance of the sensor in the test gas, and Go- conductance of the sensor in the air.
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2.7 Summary of Literature 
Metal oxide semiconductors are promising candidate for gas sensing because of their 
unique electrical properties, moderate electron mobility, high performance, low cost and 
simple fabrication methods. Nanostructures provide very high effective surface to 
volume ratios which is essential for an efficient gas sensor. So, the direction of this 
research is moved towards one dimensional nanostructure from bulk sensing materials. 
Some factors which can influence the enhanced sensitivity and selectivity of sensor 
performance are related to the development of nanostructures with different 
morphologies, doping of metal oxide catalyst, mixed metal oxide nanostructures and 
surface modification by noble metal or metal oxide nanoparticles. In mixed metal oxide 
nanostructures, growth of ZnO/SnO2 and Zn2SnO4 nanostructures for sensing 
application needs some extra care to conserve the required materials properties. The 
core-shell nanostructures provide greater sensing due to formation of a physical 
interface between two different materials. Usually, these nanostuctures have been 
synthesized by a two-step process. But, this study focuses on the growth of SnO2-core/ 
ZnO-shell nanostructure by a single-step carbothermal reduction process. In literature, 
The sensing performance of ZnO/SnO2 and Zn2SnO4 nanostructure based sensors was 
studied extensively for ethanol sensing. But, research to selectively sense ethanol in the 
present of other gases is not widely conducted. Thus, this study is motivated towards 
selectively sensing ethanol in the presence of other test gases using ZnO/SnO2 and 
Zn2SnO4 nanostructures and finding the optimum conditions for sensing ethanol 
selectively. 
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CHAPTER 3 
METHODOLOGY 
 
This chapter describes the details of the raw materials and processing methods used for 
the synthesis of zinc oxide and tin oxide based nanostructures. Various characterization 
techniques including X-ray diffraction (XRD), field emission scanning electron 
microscopy (FESEM), transmission electron microscopy (TEM) and photoluminescence 
spectroscopy (PL) were used to investigate the properties of the nanostructures. The 
fabrication process of gas sensors and detailes in sensing measurements are also 
described. 
 
3.1 Experimental Flow Chart 
Figure 3.1 shows the flow chart of the detailed experimental procedure.  
 
 
Figure 3.1: Flow chart of the experimental procedure adopted in this work. 
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3.2  Materials and Chemicals 
In this research work, analytical grade commercial zinc oxide (ZnO) powder of 99 % 
purity with an average particle size of 350 nm (Sigma-Aldrich, USA), tin oxide (SnO2) 
powder of 99.9% trace metals basis with an average particle size of 44 μm (~325 mesh, 
Sigma-Aldrich, USA), and activated carbon (R&M Chemicals, UK) powder were used 
to prepare the precursor mixture to synthesis zinc oxide and tin oxide based 
nanostructures. α-terpineol (Sigma-Aldrich, USA), diethylene glycol dibutyl ether 
(DGDE, Sigma-Aldrich, Switzerland) and ethyl cellulose (Sigma-Aldrich, USA) were 
used as the binding materials to prepare the ink in sensor fabrication.  
 
3.3  Preparation of Precursor Mixture 
Planetary ball mill is typically used to enhance homogeneous mixing and to obtain fine 
mixture. A mixture of ZnO, SnO2, and activated carbon powders with the molar ratio of 
9:1:10 was prepared. (Weight ratio;      :     :   = 2.93 g : 0.603 g : 0.48 g). The 
powder mixture was then transferred into a ceramic grinding jar of diameter 4.5 cm, 
along with 25 hardened zirconia balls (diameter and weight of each ball is around 10 
mm and 3 g, respectively) to perform dry grinding using Retsch-Planetary Ball Mill PM 
100. The ball to particle weight ratio was 10:1. Milling was carried out for 8 hours 
continuously with a rotational speed of 250 rpm to obtain a homogeneous mixture of 
particles. The milling process was performed with an automatic reversal for every 
minute to avoid agglomeration and to enhance homogenization. After milling was 
completed, the mixture was separated from the milling balls. Finally, the milled powder 
was characterized by FESEM and XRD to evaluate the particle size and the phase 
content in the mixture after milling, respectively. Similarly, various mixtures with 
different molar ratio of ZnO to SnO2 powder (ZnO: SnO2 = 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 
2:8 and 1:9) were prepared and characterized the nanostructures obtained. 
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3.4  Substrate Preparation 
There are many techniques used in micro-fabrication such as sputtering and evaporation 
to deposit precious metals including gold and palladium on the substrate. In the present 
work, sputtering was used to deposit gold on the alumina (Al2O3) substrate. Research 
grade Au sputtering target was used for deposition. Gold atoms were released from the 
sputtering target using Ar
+
 ion and deposited onto a substrate to form a thin film or a 
coating layer. In this process, the substrate was placed inside the sputtering chamber. 
The sputtering chamber was evacuated via standard rotary vacuum pump. The standard 
gas of argon was provided inside the chamber to bombard the Au sputtering target.  
 
The thickness of the gold coating (d) in angstroms (Å), can be expressed from the 
following equation (Mirchin et al., 2013): 
      d = K I V t    (3.1) 
where, K is a constant which depends on the deposition of metal used in sputtering, I is 
the plasma current (mA), V is the voltage applied (kV) and t is the sputtering time (s). 
Constant K for gold metal is about 0.07. For typical sputtering, plasma current applied 
for gold metal is 18 mA. In the present work, a thin gold layer of around 40 Å thickness 
was deposited to an alumina substrate by sputtering from a gold target at a rate of about 
1.25 Å/s and the applied voltage was about 1 kV using SPI module sputter coater. The 
sputter time to produce 40 Å thickness of Au films and it was set to be 30 s based on the 
calculation given below:  
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3.5 Synthesis of Zinc Oxide and Tin Oxide based Nanostructures 
The synthesis of ZnO and SnO2 based nanostructures in the present work involved a 
carbon-assisted thermal evaporation process under ambient pressure (1 atm). The 
schematic diagram of experimental setup is shown in Figure 3.2(a). Gold interdigitated 
alumina was used as the substrate (5 mm x 5 mm) and 99.99% purified Ar was used as a 
carrier gas to transfer Zn and Sn vapour from source to substrate. The grinded powder 
mixture was transferred into a quartz boat and then it was placed at the center of a 
horizontal tube furnace (Lindberg Blue M: TF55035COMA1), which is denoted as 
letter ‗B‘. Gold sputtered alumina substrates were placed towards the downstream of 
carrier gas which is represented by letter ‗A‘. These substrates were located at various 
distances (3 cm, 6 cm, 9 cm and 12 cm) from the center of the furnace to optimize the 
nanowire growth. Prior to the exposure of Ar gas with a constant flow rate, the quartz 
tube was first purged with Ar gas for 15 minutes to remove unwanted contaminations 
inside quartz tube including excess oxygen by using a digital mass flow controller 
(Sierra: C100L-CM-NR-2-0V1-SV1-PV2-V1). Then Ar gas was introduced with a 
constant flow rate of 25 sccm (standard cubic centimeters per minute) during the growth 
period. After that, the temperature of the furnace was increased from room temperature 
to various growth temperatures (800 °C, 850 °C, 900 °C and 950 °C) at a rate of 30 
°C/min and maintained for various growth times (15 min, 30 min, 60 min, 90 min and 
120 min). Subsequently, furnace temperature was cooled down to room temperature and 
the substrates were removed. A light grey layer was observed on the gold coated 
alumina substrate. Concurrently, a white wool-like mass was observed to form at the 
edges as well as on the top of the quartz boat. The white fluffy mass was also collected 
for characterizations. The temperature variation as a function of distance from the center 
of the furnace was measured using a ceramic bead thermocouple, which is presented in 
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Figure 3.2(b). This temperature profile helps to determine the optimum location of the 
substrate and growth temperature for the formation of nanowires.  
 
 
 
Figure 3.2: (a) Experimental setup for the growth of SnO2-core/ZnO-shell 
nanostructures (location B) and Zn2SnO4 nanowires (location A); (b) measured 
temperature as a function of distance from the center of the furnace at 25 sccm Ar flow 
for various furnace center temperatures.  
 
Two control experiments were conducted with two samples to find the effect of gold 
layer and activated carbon powder: 
(i) with activated carbon powder in the source mixture and no Au layer in alumina 
substrate, and  
(ii) with Au layer in alumina substrate and no activated carbon powder in the source 
mixture.  
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3.6 Sensor Fabrication 
Gas sensor based on SnO2-core/ZnO-shell nanostructures was fabricated as given 
below. Initially, 46 wt% of α-terpineol, 8 wt% of ethyl cellulose, and 46 wt% of 
diethylene glycol dibutyl ether (DGDE) were weighted individually using digital 
balance (Pioneer, Ohaus). Then, the weighted α-terpineol and DGDE were mixed at 
room temperature in a glass container. The ethyl cellulose was then added to the 
mixture and heated on a hotplate (Cole-parmer) around 200 °C until ethyl cellulose was 
completely dissolved. 1 mg of synthesized nanostructures was added to the ink of 50 μl 
and ultrasonicated for 5 min. Finally, the ink was drop-coated via micropipette on an 
alumina substrate (Al2O3) having a dimension of 5 mm x 5 mm with printed Au 
interdigitated electrode to form sensor (Case Western Reserve University, USA). After 
drying in air at room temperature, the sensor device was heat-treated at 700 °C for 1 
hour in air atmosphere at which the phase contents were stabilized. The schematic 
illustration of sensor fabrication is presented in Figure 3.3. On the other hand, sensor 
based on Zn2SnO4 nanowires was used directly for sensor measurements without further 
preparation. 
 
 
Figure 3.3: Schematic illustration for sensor fabrication process using SnO2-core/ZnO-
shell nanostructures: (a) drop coating SnO2/ZnO nanostructure suspension on printed 
Au interdigitated electrode; (b) nanostructures arrangement on sensor device; (c) Heat 
treatment of sensor device. 
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3.7 Characterization Techniques 
3.7.1 X-ray Diffraction (XRD) 
The phase of crystalline materials was examined by Siemens D-5000 model X-ray 
diffractometer with a monochromatic CuKα radiation (λ=1.5406 Å) and Ni filter. The 
applied current and operating voltage were 40 mA and 40 kV, respectively. The 
scanning was performed between 20° and 70°, with a scanning rate of 0.03°/sec. The 
resulting diffraction peaks were compared with the standard reference pattern of Joint 
Committee on Powder Diffraction Standards (JCPDS) to identify the material. After the 
growth has been done, the collected samples were subjected to XRD to find the crystal 
structure of the composites. The white wool-like mass was collected from the quartz 
boat for various growth times and spread on a carbon tape for XRD characterization. A 
light grey layer observed on the alumina substrate was used directly for XRD 
characterization.  
 
3.7.2 Field Emission Scanning Electron Microscopy (FESEM) 
Morphological investigation of the fabricated nanostructures was carried out by two 
different models of FESEM instruments: Auriga Zeiss Ultra-60 and FEI Quanta FEG 
450 field emission scanning electron microscopy. Elemental composition was obtained 
using field emission scanning electron microscopy coupled with energy dispersive X-
ray spectroscopy (EDS) with applied beam voltage of 20 keV. Imaging was obtained by 
using Auriga Zeiss Ultra-60 FESEM. The white wool-like mass spread on a carbon tape 
was used for FESEM analysis. Light grey layer formed on alumina substrate was 
directly used to find the morphology of nanostructures.  
 
3.7.3 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy was used to investigate the detailed morphology of 
SnO2-core/ZnO-shell and Zn2SnO4 nanostructures. A 200 KeV TEM (FEI Tecnai F-20 
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microscopy) was used to obtain the images. The elemental distribution of zinc oxide 
and tin oxide based nanostructures was obtained by TEM equipped with an energy 
dispersive X-ray spectroscopy (EDS). High-resolution transmission electron 
microscopy (HRTEM) was used to detect imaging of the atomic structure of the sample. 
The same microscopy was utilized to characterize the high resolution imaging 
(HRTEM) of the nanostructure and selected-area electron diffraction (SAED) pattern. 
Samples for TEM imaging were prepared as follows: zinc oxide and tin oxide based 
nanostructures scratched from the substrate were dispersed in deionized water. This was 
followed by ultra-sonication for 5 minutes, and then a tiny amount of suspension was 
drop-coated onto a carbon coated Cu grid (300 mesh) by using a micropipette. Finally 
the Cu grid was placed inside TEM for the high resolution observation of the oxide 
nanostructures. 
 
3.7.4 Photoluminescence Spectroscopy (PL) 
The crystalline quality and defect structure of the samples were studied by 
photoluminescence (PL) spectroscopy. PL spectra from SnO2-core/ZnO-shell 
nanostructures produced at various growth times and Zn2SnO4 nanowires were recorded by 
Renishaw‘s inVia PL/Raman microscope, using He-Cd laser as an excitation source, with 
an operating wavelength of 325 nm. The scanning range for the samples was recorded 
within the wavelength range of 350-800 nm. Two different intensities of the source (2 mW 
and 10 mW) were used to characterize the nanostructures.  
 
3.7.5 Sensor Measurements 
The schematic representation of sensor measurement is shown in Figure 3.4. Ink made 
using SnO2-core/ZnO-shell nanostructures on printed Au interdigitated electrode, and 
Zn2SnO4 nanowires grown on printed Au interdigitated electrode were used as gas 
sensors. Gold wire (99.9% metal basis, Alfa Aesar, USA) with the diameter of 0.2 mm 
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was connected to Au interdigitated electrode and small amount of Au conducting paste 
(Heraeus, Germany) was applied to make the effective electrical connection between 
electrode and gold wire junction. This was followed by curing at 700 °C for 1 h in an 
ambient environment to ensure the good conductivity of sensor.  
 
 
Figure 3.4: Schematic representation of setup for gas sensor characterization 
 
For sensor measurement, the sensor was placed in a quartz tube inside a horizontal tube 
furnace and sensor electrical resistance measurements were carried out using a data 
acquisition system to find the optimum operating temperature for desired gases. The 
operating temperature was changed from 300 °C to 550 °C for Zn2SnO4 nanowire-based 
sensor and SnO2-core/ZnO-shell nanostructures-based sensor at constant gas 
concentrations of 50 ppm and 20 ppm, respectively. After that, the sensor electrical 
resistance measurements were carried out in the desired test gas at various gas 
concentrations: 20, 50, 100, 250, and 400 ppm. The gas concentrations were controlled 
by changing the mixing ratio of the target gas to nitrogen gas using a computer 
controlled digital mass flow controller. The sensitivity of the sensor was defined as the 
ratio between (Ra-Rg) and Ra, where Ra and Rg are the sensor resistances measured in 
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nitrogen, and target gases, respectively. The response and recovery times are defined as 
the time taken by the sensor to attain 90 % of the response and recovery signals, 
respectively (Yang et al., 2006). The optimum operating temperature, sensitivity, 
response and recovery times were also determined for different target gases including 
carbon monoxide (CO), methane (CH4), hydrogen (H2) and ethanol (C2H5OH). 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
This chapter examines the effect of growth time, temperature and location of substrate 
on the development of Zn2SnO4 and SnO2/ZnO core-shell nanostructures, and study the 
microstructure, structural and optical properties of the fabricated nanostructures. 
Additionally, this chapter also explores the gas sensing properties of zinc and tin oxide 
based nanostructures with various morphologies.  
 
4.1 Microstructure of Mixed Powder after Ball Mill  
The ball milling was used to mix the source materials of ZnO, SnO2 and activated C 
powders well and also reduce the particle size of mixture. The small particle size 
mixture allows creating metal vapour easily. Figure 4.1(a) shows the morphology of the 
mixture of zinc oxide, tin oxide and activated carbon powders after ball milling for a 
grinding time of 8 hours. The particles in the mixture have irregular shape. The particle 
size varies in the range of 20 nm - 200 nm. The average size calculated from Figure 
4.1(a) is around 150 nm. The XRD pattern of powder mixer after milling of 8 hours is 
shown in Figure 4.1(b). It exhibits the detection of single phase of ZnO, SnO2 and C. 
This milled powder mixture was used as a source material to grow zinc oxide and tin 
oxide based nanostructures. 
   
Figure 4.1: (a) Morphology and (b) XRD of source powder mixture after milling of 8 
hours. 
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4.2 Growth of Nanostructures based on Zinc Oxide and Tin Oxide 
This thesis work reports a novel single-step carbon assisted thermal evaporation 
(carbothermal reduction) approach for the synthesis of nanostructures based on zinc 
oxide and tin oxide. Zinc oxide, tin oxide and activated carbon were used as source 
material to form nanostructures. Initially, source material was loaded in the center of 
furnace and Au coated alumina substrate was placed at downstream of gas flow 
direction. Two different types of nanostructures were observed when the furnace center 
temperature was at 900 °C in two different places with a steady gas flow of purified 
argon at 25 sccm. Figure 4.2 shows the schematic representation of nanostructures 
formation at two different places.  
(i) on Au coated alumina substrate (denoted by letter ‗A‘ in Figure 4.2) and  
(ii) on top of a quartz boat (denoted by letter ‗B‘ in Figure 4.2).  
These two different kinds of growth were observed concurrently in a single-step carbon 
assisted thermal evaporation process under ambient pressure. Single-crystalline 
Zn2SnO4 nanowires were observed on gold (Au) coated alumina substrate (location A). 
On the other hand, a white fluffy mass was formed at the edge and on top of a quartz 
boat (location B) during the fabrication process. This white wool-like mass was 
identified as SnO2-core/ZnO-shell nanowires and hierarchical nanostructures which 
depend on growth time. This process allows preparing and collecting various types of 
nanostructures by selecting the position of the substrate and deposition time.  
 
Figure 4.2: Schematic representation of formation of nanostructures at different places. 
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In this thesis, the characterizations of Zn2SnO4 nanowires are firstly reported and later 
explained the characterization of SnO2-core/ZnO-shell nanowires and hierarchical 
nanostructures. Finally gas sensing properties of both nanostructures based sensors 
towards various gases are described. 
 
4.3 Characterization of Zn2SnO4 Nanowires  
4.3.1 X-ray Diffraction Analysis (XRD) 
The phase structures of the as-synthesized products on Au coated alumina substrate 
(location A, Figure 4.2) were examined by X-ray diffraction. Figure 4.3 shows that the 
XRD pattern of Zn2SnO4 nanowires obtained for samples prepared by carbothermal 
reduction process at 900 °C for a growth time of 120 min with molar ratio of ZnO to 
SnO2 in the source mixture of 9:1. Ternary compound of face-centered cubic spinel 
Zn2SnO4 phase was detected in the XRD pattern which is denoted as ZTO in Figure 4.3. 
These peaks are consistent with the Joint Committee on Powder Diffraction Standard 
(JCPDS) card no of 24-1470. Au (111) and alumina peaks are also noticed which 
originated from the gold coated alumina substrate. A small peak of ZnO phase was also 
identified. Similar observation was previously made by Jie et al. (Jie et al., 2004). The 
presence of sharp and strong X-ray diffraction peaks suggests that the Zn2SnO4 
nanowires have good crystallinity.  
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Figure 4.3: XRD patterns of nanowires obtained on Au coated alumina substrate at a 
furnace temperature of 900 °C with the deposition time of 120 min with molar ratio of 
ZnO to SnO2 in the source mixture of 9:1 [ZTO represents Zn2SnO4 phase]. 
 
4.3.2 Effect of Au Catalyst and Activated Carbon 
Two control experiments were performed to find the effect of Au layer and activated 
carbon on nanowire growth at a furnace temperature of 900 °C for 120 min with molar 
ratio of ZnO to SnO2 in the source mixture of 9:1. One experiment involved the absence 
of Au layer on alumina substrate in the presence of activated carbon in the source 
mixture. Another involved the presence of Au layer on alumina substrate with the 
absence of activated carbon in the source mixture. Results of these two control 
experiments are illustrated in Figure 4.4. Figure 4.4(a) shows that no nanowires were 
formed in the absence of Au on alumina substrate in the presence of activated carbon. 
Similarly, no nanowires are present on Au/alumina substrate in the absence of activated 
carbon in the source mixture as it can be seen in Figure 4.4(b). High magnification 
image of the sample clearly shows spheroidal shaped particles on the substrate (Inset of 
Figure 4.4(b)). The EDS analysis of spheroidal shaped particles is illustrated in Figure 
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4.4(c). Higher intensity Au peak was detected on the particles. It confirmed that these 
are Au particles, which are formed by dewetting of the Au layer. Lower intensity peaks 
for elements such as Al, Cu, C, and O are also observed in the spectrum. These 
elements are believed to have originated from the substrate due to the use of high 
energy electron beam (20 keV). Therefore, the beam could have penetrated deeper than 
the diameter of Au nanoparticles.     
 
In the presence of both carbon and Au, uniform and well distributed nanowires can be 
seen on Au/alumina substrate (Figure 4.4(d)). The diameter of the nanowires is in the 
range of 15-80 nm with a length of about 16-50 μm. Figure 4.4(e) exhibits the enlarged 
image of the tip of a nanowire. The presence of a cap at the tip of the nanowire is 
observed. An EDS analysis was performed to find the composition of the tip of the 
nanowire which is shown in Figure 4.4(f). Peaks of Au, Zn, Sn and O were detected in 
the spectrum. The presence of high intensity Au peak at the tip of the nanowire strongly 
suggest that the growth of the nanowires was governed by the vapour-liquid-solid 
(VLS) assisted mechanism (Wang et al., 2005) and gold acted as a catalyst for the 
growth of Zn2SnO4 nanowires. 
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Figure 4.4: FESEM micrographs of the nanostructures prepared with molar ratio of ZnO 
to SnO2 in the source mixture of 9:1 at a furnace temperature of 900 °C for 120 min 
grown on (a) alumina substrate in the presence of activated carbon, (b) Au/alumina 
substrate in the absence of activated carbon, (c) EDS analysis of spheroidal shaped 
particles on alumina substrate, (d) alumina substrate in the presence of both Au layer 
and activated carbon, (e) enlarged view of tip of the nanowire and (f) EDS analysis of 
tip of the nanowire. 
 
It is believed that at a furnace temperature of 900 °C, the activated carbon dissociates 
ZnO and SnO2 powders into Zn and Sn vapours, which condense on the Au/alumina 
substrate kept at a lower temperature region. The Sn and Zn metal vapours react with 
Au layer and form an alloy droplet on the alumina substrate. This alloy droplet becomes 
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super saturated after receiving more metal vapours that initiated the nanowire growth 
(Jun et al., 2008). Therefore, the presence of activated carbon and Au are essential for 
the growth of nanowires, where the activated carbon acts as a reducing agent producing 
the metal vapours and the Au acts as a catalyst to grow the nanowires. In the literature, 
Jie et al. (2004) reported that the disturbance of the vapour concentration is a major 
factor that changes the diameter of the catalyst alloy droplets and the growth velocity of 
nanowires. A vapour disturbance induces a change in the zinc and/or tin concentration 
near the alloy droplet. Thus, the size of the droplet shrinks and the nanowire diameter 
decreases.  
 
4.3.3 Effect of Source Mixture  
Some experiments were carried out to find the effect of various parameters on the 
growth of Zn2SnO4 nanowires by the carbothermal reduction method. The parameters 
including source mixture ratio, growth temperatures, growth times and substrate 
position from the center of the furnace were studied in this work. First, the effect of 
source mixture ratio between ZnO and SnO2 was studied. Figure 4.5 shows the 
micrographs of nanostructures obtained on Au/alumina substrate at a furnace 
temperature of 900 °C for 120 min with various ratios of source materials. 
 
It shows the morphology changes from nanostructure to nanowire with increasing molar 
ratio of ZnO and decreasing amount of SnO2 in the source mixture. At the low molar 
ratio of ZnO in the mixture, no nanowires observed. At increasing molar ratio of ZnO to 
SnO2 from 2:8 to 7:3, nanowires start to initiate and observed nanowires rarely. At the 
ratio between ZnO and SnO2 of 8:2, the density of produced nanowires looks low and 
their length are relatively short (4 μm) compared to ZnO/SnO2 = 9:1. A entangle and 
long nanowires was observed for the molar ratio of ZnO/SnO2 = 9:1. The length of 
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produced nanowire is around 32 μm. Therefore, the optimum growth of nanowires was 
observed when the source mixture contained ZnO to SnO2 of 9:1.    
 
Several groups have reported various ZTO nanostructures produced by VLS mechanism 
with different ratio of source materials. ZTO dentritic nanostructures was observed by 
Jun et al. (Jun et al., 2008) when the source materials contained ZnO to SnO weight 
ratio of 6:4. But, twinned ZTO nanowires was produced with ZnO/SnO mixed powders 
at weight ratio of 2:1 (Chen et al., 2005). In contrast, normal ZTO nanowires was also 
developed with ZnO/SnO/C powder mixture with a weight ratio of 1:5:8 (Pang et al., 
2010). Thus, the ZTO ternary oxide nanowires in the final product depends on the ratio 
of source materials (Jie et al., 2004).    
 
 
Figure 4.5: FESEM micrographs for nanostructures obtained at a furnace temperature of 
900 °C with the deposition time of 120 min for different molar ratio of ZnO to SnO2 in 
the source mixture (a) 1:9, (b) 2:8, (c) 3:7, (d) 4:6, (e) 5:5, (f) 6:4, (g) 7:3, (h) 8:2 and 
(d) 9:1. 
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4.3.4 Effect of Substrate Position and Various Growth Temperature  
The effect of growth temperatures with various substrate positions was studied on the 
growth of ZTO nanowires. The temperature profile for the growth of nanostructures has 
3 steps. In first step, furnace temperature was increased from room temperature to 
various growth temperatures (800 °C, 850 °C, 900 °C and 950 °C), and then hold the 
growth temperature for 2 hours followed by cooled down to room temperature. Figure 
4.6 shows the FESEM micrographs of nanostructures grown at different furnace 
temperatures with various deposition positions. The growth temperatures of 
nanostructures at various deposition positions are illustrated in Table 4.1. At the low 
furnace center temperature of 800 °C, no nanowires were observed with different 
deposition positions (Figure 4.6(a)-(d)). The range of growth temperatures between 633 
°C and 802 °C are not high enough to produce sufficient Zn and Sn vapour pressure to 
grow the nanowires (see Table 4.1). At these temperatures, a Au thin film does not 
break up into nanosized droplet (Wu et al., 2002). Therefore no nanowires were 
observed. At a furnace center temperature of 850 °C, nanowires start to grow at the 
substrate position of 6 cm only (Figure 4.6(e)-(h)). Lengths of nanowires are very short 
and there are thicker in diameter which is shown at a high magnification in Figure 
4.6(f). Therefore, the growth temperature of nanowires was found to be around 833 °C 
(Table 4.1). At moderate furnace center temperature of 900 °C, more heavily populated 
nanowires were observed at the deposition position of 9 cm in Figure 4.6(k). The length 
of nanowires was increased to several tens of micrometres with thinner diameter 
compared to furnace temperature of 850 °C, which is clearly shown in zoom in Figure 
4.6(k). From this result, growth temperature of nanowires were observed at 834 °C 
(Table 4.1), which is consistent with the furnace center temperature of 850 °C at the 
deposition position of 6 cm. At high furnace temperature of 950 °C, a fewer nanowires 
were observed anywhere on the substrate (Figure 4.6(m)-(p)). This happens because the 
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growth temperatures for various deposition positions are too high for the condensation 
of metal vapours. Thus no nanowires were observed.  
 
From these results, it is concluded that the optimum growth temperature for nanowire 
growth on Au coated alumina substrate is around 834 °C at a deposition position of 9 
cm from the furnace center with a set furnace center temperature of 900 °C. Furnace 
temperatures of 800 °C and 850 °C are not high enough to produce sufficient vapour 
pressure to grow the nanowires. On the other hand, the furnace temperature of 950 °C is 
too high for the condensation of the metal vapours. 
 
Table 4.1: Growth temperatures of nanostructures obtained at different furnace 
temperatures and various substrate positions.  
 
 
 
Substrate position from 
center of furnace (cm) 
Growth temperatures at different 
furnace center temperatures (°C) 
800  850 900 950  
3 802 854 900 956 
6 780 833 880 935 
9 737 788 834 893 
12 633 684 730 796 
80 
 
 
 
Figure 4.6: Top image: FESEM images of the nanostructures fabricated at different 
furnace temperature with various deposition positions of substrate from the center of the 
furnace. Bottom image: zoom in the FESEM images of nanostructures fabricated at 850 
°C and 900 °C with the deposition positions of substrate at 6 cm and 9 cm. 
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4.3.5 Effect of Growth Time 
Figure 4.7 exhibits FESEM micrographs of Zn2SnO4 nanowires grown on Au/alumina 
substrate at different growth times. The insets of figures show the single Zn2SnO4 
nanowire corresponding to the growth time. Growth time was varied from 15 min to 
120 min, while the center position temperature of the tube furnace was kept at 900 °C 
and substrate was placed at 9 cm. As can be seen in Figures 4.7(a)-(c), Zn2SnO4 
nanowires grow sparsely on Au/Alumina substrate with 2-6 micrometer in length. But, 
Figures 4.7(d) and (e) exhibit that the Zn2SnO4 nanowires grew homogeneously on the 
entire Au/Alumina substrate. For longer growth time of 120 min (Figure 4.7(e)), there 
was a dense growth of uniform and long nanowires. The lengths of the nanowires 
increased from 2 to 50 micrometer with increasing growth time from 15 min to 120 
min. On the other hand, average diameter of the nanowire was observed as decreasing 
tendency with increasing growth time and which were measured around 80 nm, 72 nm, 
68 nm, 63 nm and 58 nm for the growth time of 15 min, 30 min, 60 min, 90 min and 
120 min, respectively. The decrease in diameter of nanowire may be attributed to the re-
evaporation of materials during longer growth time. The smaller nanowire diameter can 
be explained by the Gibbs-Thomson effect (Fröberg et al., 2007). It explains that an 
increasing reaction time and thereby decreasing supersaturating vapour lead to the 
diameter of the nanowire to become smaller (Wu et al., 2002). From this analysis, it is 
concluded that the density and length of Zn2SnO4 nanowires increased and diameter of 
nanowire decreased with increasing growth time.  
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Figure 4.7: FESEM micrographs of the nanostructures synthesized at different growth 
time on Au/alumina substrate at a furnace center temperature of 900 °C: (a) 15 min, (b) 
30 min, (c) 60 min, (d) 90 min and (e) 120 min. Inset are images of a single nanowire 
corresponding to the growth time. 
 
 
 
4.3.6 Transmission Electron Microscopy Analysis 
To further analyse the crystal structure of Zn2SnO4 nanowire, TEM characterization of 
the nanowires was conducted. A representative low magnification TEM image of a 
single Zn2SnO4 nanowire detached from the substrate having a diameter of 25 nm is 
depicted in Figure 4.8(a). As we can see in Figure 4.8(b), a bright particle can be found 
at the tip of the nanowire, which presumably is the gold catalyst particle. The particle 
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size (10 nm) is smaller than the wire diameter (25 nm), which is unusual as most 
catalyst particles have similar or larger sizes than the diameters of the nanowires 
(Nguyen et al., 2003; Wu et al., 2004). Previously, FESEM-EDX analysis also 
confirmed that the tip of the catalyst particle was gold (Figure 4.4(f)). The presence of 
this gold cap at its tip indicating that the growth of nanowire was formed via the well-
known vapour-liquid-solid (VLS) mechanism (Hu et al., 2009; Morales & Lieber, 
1998). The clear lattice fringes in Figure 4.8(c) of the HRTEM image show the single 
crystalline nature of the nanowire with an interplanar spacing of 0.26 nm, which is 
ascribed to the d-spacing of (311) plane of Zn2SnO4 (Cherian et al., 2013; Tan et al., 
2007). Thus the nanowire growth direction is believed to be [311] (Pang et al., 2010). A 
selected area electron diffraction (SAED) pattern take over the nanowire is given in 
Figure 4.8(d). It also demonstrates the single-crystalline character of the nanowire.      
 
 
Figure 4.8: (a) Low magnification TEM images of a single Zn2SnO4 nanowire deposited 
at 120 min, (b) nanowire with a gold catalyst at its tip, (c) High-resolution TEM image 
of the nanowire showing the lattice fringes and corresponding (d) SAED pattern over 
this single Zn2SnO4 nanowire. 
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TEM elemental mapping and line scanning across the nanowire was performed to 
confirm the Zn2SnO4 nanowires. A scanning TEM (STEM) mode was used to take an 
elemental image of the Zn2SnO4 nanowire. Figure 4.9(a) exhibits the STEM image of an 
Zn2SnO4 nanowire showing the elemental linescan trajectory across the nanowire 
diameter. The integrated EDX spectrum shows (Figure 4.9(b)) the presence of carbon 
and Cu, which originated from the carbon coated copper grid. The presence of peaks for 
Zn, Sn, and O are detected from the nanowire. Concentration line profiles of Zn, Sn, 
and O across the nanowire are presented in Figure 4.9(c). The profiles suggest that both 
Sn and Zn are homogeneously distributed within the nanowire and the nanowire is 
richer in Zn than Sn. This result is another evidence to prove that the nanowires are 
Zn2SnO4 which were synthesized by the single-step carbothermal reduction method.  
 
 
 
Figure 4.9: (a) STEM image of an Zn2SnO4 nanowire showing the line scan trajectory, 
(b) Integrated EDX spectrum of the nanowire, and (c) Integrated peak counts as a 
function of spot position for Zn, Sn and O. 
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Additionally, the distribution of Zn, Sn and O in the nanowire was studied by TEM-
EDX elemental mapping and is shown in Figure 4.10. Figure 4.10(a) presents a 
representative STEM image of the nanowire and the mapping area was denoted by 
yellow coloured box. The corresponding integrated EDX spectrum obtained from the 
nanowire is given in Figure 4.10(b). Counts of zinc were observed higher than that of 
tin. The enlarged image of mapping region (Figure 4.10(c)) and the corresponding Zn, 
Sn and O element maps illustrated in Figure 4.10(d)-(f). As shown in Figure 4.10(d)-(f), 
all elements in the Zn2SnO4 nanowire are homogeneously distributed over the entire 
surface of the nanowire. From the distribution of elements, we further confirmed that all 
nanowires are Zn2SnO4. These observations are consistent with Zn2SnO4 nanowires 
grown via catalyst free growth by Liang et al. (2012).   
 
 
 
Figure 4.10: (a) STEM image of an Zn2SnO4 nanowire, (b) Integrated EDX spectrum of 
the nanowire, (c) ) Magnified image of the mapping area indicated by box in (a), The 
colour maps demonstrating the spatial distribution of different elements,(d) Zn, (e) O, 
and (f) Sn, which are labelled in blue, red, green, respectively. 
86 
 
4.3.7 Photoluminescence Studies 
Optical properties of a semiconductor are related to both intrinsic and extrinsic effects 
(Sinha et al., 2011). Photoluminescence (PL) is an appropriate technique to determine 
the crystalline quality and the existence of impurities in the nanostructures. Figure 4.11 
shows the photoluminescence spectrum of Zn2SnO4 nanowires measured at room 
temperature, with an output power of 2 mW. The inset of Figure 4.11 represents the 
intensity of source was increased to 10 mW and re-measured the PL spectrum within 
the wavelength range of 360 - 400 nm. Theoretically, the PL spectrum of nanostructures 
possesses two main features. One peak is at near band edge emission or band-to-band 
emisssion which originates from an exciton transition. Another one is the wide visible 
band emission due to the defects arising from impurities or vacancies in the 
nanostructures (Lee et al., 2010).  
 
As can be seen in Figure 4.11, high intensity peak for Zn2SnO4 nanowires was detected 
in the visible emission band. It reveals that the nanowires have strong green emission 
band centered at a wavelength of 535 nm. In the previous investigations of the 
semiconducting nanowires, the PL mechanisms have been attributed to various 
luminescence centers, such as oxygen deficiency and residual strain during the growth 
process (Hu et al., 2002; Wang et al., 2007; Wang et al., 2005). In this experiment, the 
carbothermal reduction process was employed to fabricate the Zn2SnO4 nanowires, and 
thus as anticipated, will result in formation of oxygen vacancies due to insufficient 
oxygen during the growth process (Pang et al., 2010). Also the one-dimensional 
nanostructures of the Zn2SnO4 with high aspect ratio would favour the existence of 
large quantities of oxygen vacancies (Wang et al., 2005). These oxygen vacancies 
induce new energy levels in the bandgap and lead the green emission (Wang et al., 
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2004). Therefore, the green emission of Zn2SnO4 nanowires in this study can be 
considered as mainly originating from the effect of the oxygen vacancies.  
 
Figure 4.11: Photoluminescence spectrum of Zn2SnO4 nanowires measured at room 
temperature with a power source of 2 mW, and inset shows the enlarged view of 
photoluminescence spectrum of Zn2SnO4 nanowires recorded by increased power 
source of 10 mW within the wavelength range of 360-400 nm.  
 
The PL spectrum (inset of Figure 4.11) was re-measured by increased power source of 
10 mW within the wavelength range of 360 - 400 nm to find any observable peak. A 
weak peak was observed at 382 nm (~3.3 eV). Obviously, this emission peak is not the 
band-to-band emission of Zn2SnO4. Because of the limit of the PL detection range, the 
band-to-band emission peak (~340 nm) of the Zn2SnO4 nanowires was not observed 
here. The energy gap of the bulk ZnO and Zn2SnO4 are 3.3 eV (Chang et al., 2006) and 
3.6 eV (Coutts et al., 2000), respectively. Hence, it is believed to be originated from the 
band edge emission of ZnO nanowires rather than Zn2SnO4. Therefore, it confirmed the 
presence of ZnO nanostructures in the sample and excitonic recombination 
corresponding to the band edge emission of ZnO material (Chen et al., 1998). The 
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analysis result is further evidence of the existence of ZnO nanostructures in the sample 
which is consistent with our XRD result reported previously.  
 
4.3.8 Growth Mechanism of Zn2SnO4 Nanowires  
Reported literature reveals that the growth mechanism of ZTO dendritic nanostructures 
related to the growth on crystalline surfaces, nucleation and surface diffusion (Jun et al., 
2008). On the other hand, growth of ZTO diameter modulated nanowire via thermal 
evaporation depends on disturbance of vapour concentration of Zn and Sn and growth 
velocity of nanowires (Jie et al., 2004). They reported that the Au nanoparticles absorb 
Zn and Sn atoms from the vapour and form alloy droplet, then the oxidation of the Zn 
and Sn atoms start to grow ZTO nanowires. A disturbance of vapour concentration 
induced decrease of the Zn and Sn concentration near the alloy droplet reduces the size 
of the droplet and results in a decrease of the nanowire diameter. A small size alloy 
droplet absorbs fewer atoms from the vapour, which induces the increase of the Zn and 
Sn concentration near the alloy droplet and finally results the increase of the droplet size 
and nanowire diameter. This sequential change of vapour concentration led to diameter 
modulated ZTO nanowire.  
 
According to literature, a growth mechanism for the synthesized Zn2SnO4 nanowires is 
proposed here. The schematic diagram for growth of Zn2SnO4 nanowire using 
carbothermal reduction method is depicted in Figure 4.12. It is believed that the growth 
is governed by the following chemical reactions (Wang et al., 2005): 
 
)(2)()()()()(2)( / vvvvsss COCOSnZnCSnOZnO    (4.1) 
)()(42)()()( 442 ssvvv CSnOZnCOSnZn      (4.2) 
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In this experiment, Zn and Sn vaporize after reduction by activated carbon in the higher-
temperature region (900 °C), which is the center of the furnace temperature. Then the 
vapours are transported to the substrate which is located downstream at a lower-
temperature region (~830 °C). The vapour composed of Zn and Sn reacts with the gold 
nanoparticle on the substrate and form Au-Sn-Zn liquid alloy droplet (Jun et al., 2008). 
This alloy further reacts with oxygen and nucleates Zn2SnO4 nanowire. Although all 
experiments were done in purified Ar (99.99%) atmosphere, the oxygen could come 
from the small residual amount of oxygen in Ar (a few tens of ppm). When more Zn 
and Sn vapours are dissolved in the liquid droplet, Zn2SnO4 would reach the 
supersaturated state. Subsequently, saturated solid Zn2SnO4 precipitates from the 
droplets in the form of Zn2SnO4 nanowires and continue to grow by absorbing more Zn 
and Sn vapours. As the furnace temperature decreases during cooling process, the Au 
metal droplets form the spherical caps in front of the Zn2SnO4 nanowires. Further, 
carbon soot was observed on the wall of the quartz tube at 18 cm from the center of the 
furnace. This carbon soot form according to reaction (4.2). It is believed that re-
oxidation was performed between Zn-Sn vapours and CO. Therefore, carbon soot was 
detected on the interior wall of quartz tube. 
 
 
Figure 4.12: Schematic diagram of growth of Zn2SnO4 nanowires on Au/alumina 
substrate [adapted from Jie et al., 2004]. 
 
90 
 
ZnO nanowires coexist with Zn2SnO4 nanowires in our product which is evident from 
the XRD pattern (Figure 4.3). In the present work, more ZnO is used as compared to 
SnO2 (molar ratio between ZnO and SnO2 is 9:1). It is believed that, ZnO nanowires 
formed due to different speeds of vaporization of ZnO and SnO2, and excess ZnO (Jie et 
al., 2004). The control of the evaporation of source mixture is crucial for the synthesis 
of ternary oxide Zn2SnO4 nanowires. Single phase Zn2SnO4 ternary oxide nanowires 
might be acquired under optimum conditions of growth temperature, substrate position 
temperature and the ratio of source mixture.  The phase diagram of SnO2-ZnO system is 
not available in past literature. Therefore, GaO1.5-SnO2-ZnO system was used to explain 
the ZnO nanostructures in Zn2SnO4 nanowire system. The phase diagram of ZnO-SnO2 
system (Figure 4.13) clearly shows that the presence of ZnO phase is inevitable when 
the molar ratio between ZnO and SnO2 of 9:1 (Palmer & Poeppelmeier, 2002).    
 
Figure 4.13: Phase diagram for the GaO1.5-SnO2-ZnO system at 1250 °C (Palmer & 
Poeppelmeier, 2002). 
 
 
4.4 Characterization of SnO2-Core/ZnO-Shell Nanostructures  
Two different kinds of growths (on Au/alumina substrate, on quartz boat) were 
observed concurrently in the carbothermal reduction process which is shown in Figure 
4.2. The characterizations of one of the nanostructures obtained on Au/alumina 
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substrate were previously presented. Now, the other type of nanostructures observed on 
quartz boat is to be discussed in this section.  
 
Figure 4.14 shows the white fluffy mass that was deposited at the edges and top of the 
quartz boat during the carbon assisted thermal evaporation process at a furnace 
temperature of 900 °C at various growth times. In carbon assisted thermal evaporation 
process, the reaction between carbon and metal oxide powder leads to the production of 
metal vapours. The condensation of these metal vapours forms the nanostructures at low 
temperature in controlled oxygen environment. In this process, the metal vapour is 
created by the reaction between zinc oxide, tin oxide and activated carbon. The vapour 
is transported by Ar carrier gas and condenses around the edges and the top of the boat. 
All white wool-like masses observed at various growth times were formed in opposite 
direction to the Ar gas flow, which are clearly shown in Figure 4.14. Further, it shows 
that these white masses nucleated from the edge of the quartz boat and spread towards 
center of the boat after prolong growth period (120 min). One control experiment was 
conducted to find the effect of shape of the boat using a flat alumina substrate instead of 
quartz boat. No white fluffy mass was observed on flat alumina substrate. Therefore, 
shape of the quartz boat induces the formation of mass. The formation of this white 
mass is suggested the variation of pressure and velocity at the end of the quartz boat due 
to its shape. The one end of quartz boat (point A) has high velocity of Ar compared to 
other end (Point B). Due to the shape of boat, pressure difference also formed at the end 
of quartz boat. Therefore, white wool-like mass was initiated to grow at point B that has 
low velocity and high pressure area.   
92 
 
 
Figure 4.14: Photograph of nanostructures visible as white fluffy mass with naked eyes 
formed at the edges and the top of the quartz boat at various growth times (a) 15 min, 
(b) 30 min, (c) 60 min, (d) 90 min and (e) 120 min. Arrow shows the direction of Ar 
flow. 
 
 
4.4.1 X-ray Diffraction Analysis 
In order to characterize the white wool-like mass obtained at various growth times (15, 
30, 60, 90 and 120 min) these were spread on carbon coated stub. The samples were 
then suggested to X-ray powder diffraction. Resulting patterns are shown in Figure 
4.15. The XRD patterns indicate the coexistence of SnO2 and ZnO phases at growth 
time exceeding 30 min. No peaks associated with ternary Zn2SnO4 or ZnSnO3 were 
observed. The diffraction patterns match well with those in the standard powder 
diffraction files for tetragonal rutile structure of SnO2 (JCPDS No. 88-0287), and 
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hexagonal wurtzite structure of ZnO (JCPDS No. 79-0208). Some peaks identified in 
the XRD patterns belong to carbon, which arises from the carbon tape used as a support 
for the nanostructures during XRD characterization. Pure SnO2 nanowires were 
identified only at lower growth time of 15 min. With the increase of growth time from 
30 min to 120 min, the intensity of ZnO peaks increased, and the presence of SnO2 
phase was also identified. The XRD peaks are seen to be quite sharp which indicates 
that the SnO2/ZnO nanostructures possess good crystallinity. 
 
Figure 4.15: XRD patterns of SnO2/ZnO nanostructures obtained at different growth 
time at a furnace temperature of 900 °C: (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 min, 
and (e) 120 min. 
 
4.4.2 Effect of Growth Time 
Micrographs of SnO2-ZnO nanostructures synthesized at 900 °C for different growth 
time are shown in Figure 4.16. With increasing growth time from 15 min to 120 min, 
one can obviously notice that a change in morphology occurred with a transition from 
typical nanowires to hierarchical nanostructures. As can be seen in Figure 4.16(a), only 
rectangular cross-sectional nanowires are obtained at the growth time of 15 min. 
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Nanowires appear straight and flexible with smooth surfaces. The thickness of these 
nanowires varies in the range of 20 and 80 nm. As shown in Figure 4.16(b), the circular 
nanowires grown for 30 min have a several tens of micrometer in length and a diameter 
ranging from 50 to 100 nm.  
Figure 4.16(c) exhibits two different types of nanostructures. One is observed as normal 
nanowire and other is branch-like structure. In this branch-like structure, the branches 
appear on backbone of normal nanowires and this special structure is later called as 
hierarchical structure. Figure 4.16(c)-(e) clearly shows the variation in the amount of 
hierarchical nanostructures with growth time. Most of the hierarchical nanostructures 
are very long, and can easily reach the lengths of 30 μm or more. No catalyst tips appear 
at the end of the nanowires as shown in Figure 4.16(d). Therefore, growth of the 
nanostructures follows vapour-solid (VS) mechanism (Xue et al., 2005). Eventually, all 
nanowires were completely changed to hierarchical nanostructures for a long growth 
time of 120 min, which is illustrated in Figure 4.16(e). 
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Figure 4.16: FESEM images of SnO2-ZnO nanostructures obtained at different growth 
time at a furnace temperature of 900 °C: (a) 15 min, (b) 30 min, (c) 60 min, (d) 90 min, 
and (e) 120 min. 
 
Figure 4.17 represents magnified FESEM micrographs of a single SnO2-ZnO 
nanostructure developed at various growth times. A close examination of the samples 
under FESEM revealed that the SnO2/ZnO nanostructures exhibited two types of 
structures depending on the deposition time. Only regular nanowires were observed at a 
shorter growth times (e.g., 15 and 30 min). When the growth time was increased, for 
example to 120 min, the nanowires exhibited mainly hierarchical nanostructures. Figure 
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4.17(a) reveals that the SnO2 nanowires grown at 15 min exhibits rectangular shape 
with smooth surfaces. The width of the nanowires ranges from 20 to 50 nm with an 
average length of ~30 µm. Similar morphology of SnO2 nanowires was previously 
reported by other authors (Leonardy et al., 2009; Ma & Guo, 2009; Nguyen et al., 2003; 
Wang et al., 2004; Yu et al., 2005). As shown in Figure 4.17(b), nanowires grown at 30 
min tend to have more rounded shape with a diameter of approximately 70 nm. The 
surface morphology of the nanowires is not smooth. Generally nanowires obtained 
through vapour transport process exhibits perfectly smooth surface (Li et al., 2004; 
Xiang et al., 2007).  
 
Figures 4.17(c) and (d) show a single hierarchical nanostructures obtained after 60 min 
and 90 min of deposition, respectively. All secondary branch nanowires grew 
perpendicular to the primary trunk nanowires. Two different hierarchical nanostructures 
obtained at longer growth time of 120 min is depicted in Figure 4.17(e) and (f). The 
individual branches of hierarchical nanostructures in Figure 4.17(e) seems to have 
merged into thicker branches, while randomly oriented branches on backbone nanowire 
with a hexagonal cross-section is shown in Figure 4.17(f). The lengths of the branches 
in hierarchical nanostructures increased from about 50 nm to 150 nm, and the diameter 
also increased with the increase of growth time from 60 min to 120 min. It may be 
attributed to condensation of higher amount of vapour due to increased deposition 
times. This single-step growth process demonstrates high yield formation of hierarchical 
structure depends on various deposition periods. 
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Figure 4.17: FESEM micrographs of a single SnO2/ZnO nanostructure obtained at 
different growth time at a furnace temperature of 900 °C: (a) 15 min, (b) 30 min, (c) 60 
min, (d) 90 min, and (e and f) 120 min.  
 
4.4.3 Transmission Electron Microscopy Analysis 
Detailed structures of nanostructures obtained at various growth times were analysed by 
transmission electron microscopy (TEM). EDX line scan and elemental mapping were 
conducted to determine the overall composition and spatial distribution of Zn, Sn and O 
in individual nanostructures. 
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4.4.3.1 Nanowires obtained at 15 minutes 
Integrated EDX spectrum collected along a line across the SnO2/ZnO nanostructures 
obtained at 15 min under the scanning transmission electron microscopy (STEM) is 
shown in Figure 4.18. Figures 4.18(a) and (b) show the STEM image and corresponding 
integrated EDX spectrum obtained for the growth time of 15 min across the diameter. 
EDX microanalysis has detected only Sn and O within the detection limits. Signals for 
carbon and copper come from TEM grid (carbon coated copper grid). As shown in 
Figure 4.18(c), the elemental compositions along the line demonstrate that greater 
number of counts was obtained for Sn and O. A very low number of counts (less than 2) 
were identified for Zn. This is thought to be coming from background signal. The 
results there show that only pure SnO2 nanowires grow for time of up to 15 min.   
 
 
 
Figure 4.18: (a) STEM image of SnO2/ZnO nanowire grown at 15 min showing the 
linescan trajectory, (b) Integrated EDX spectrum of the nanowire, and (c) Integrated 
peak intensities as a function of spot position for Zn, Sn and O peaks. 
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EDX elemental mapping was further carried out in order to confirm that the nanowire 
consists of only SnO2, which is illustrated in Figure 4.19. EDX spectrum and spatial 
distribution of corresponding elemental maps on a representative nanowire were 
obtained in the box area shown in Figure 4.19(a). Figure 4.19(d) and (e) show that Sn 
(green) and O (red) exist in the nanowire. Sn and O are seen to be distributed uniformly 
over the area investigated. These results support the conclusion that the nanowires 
synthesized at 15 min has only SnO2 phase which is consistent with XRD patterns 
(Figure 4.15(a)).     
 
 
 
Figure 4.19: (a) STEM image of SnO2/ZnO nanowire grown at 15 min, (b) Integrated 
EDX spectrum of the nanowire, (c) Magnified image of the mapping area indicated by 
box in (a), The colour maps demonstrating the spatial distribution of different elements, 
(d) Sn, and (e) O which are labelled in green, red, respectively. 
 
 
Figure 4.20(a) illustrates a representative low magnification TEM image of a SnO2 
nanowire. It shows that the nanowire has a smooth surface and it is very uniform in 
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diameter (about 52 nm) along its length. The clear lattice fringes in high resolution 
transmission electron microscopy (HRTEM) image of SnO2 nanowire demonstrate that 
the SnO2 nanowire is a single crystalline structure (Figure 4.20(b)). No defects such as 
dislocation are observed. The high resolution image exhibits the lattice fringes between 
adjacent planes of (110) which measures at 0.33 nm. It indicates that the possible 
growth direction of SnO2 nanowire is [100] direction. However, Cui et al. (2012) 
reported that the [001] direction is a theoretically preferential growth direction of SnO2 
nanorods due to anisotropic growth. 
     
 
 
Figure 4.20: (a) Low magnification TEM images of a single SnO2 nanowire deposited at 
15 min, and (b) HRTEM image of SnO2 nanowire. 
 
 
4.4.3.2 Nanowires synthesized at 30 minutes 
Result of an EDX line scan along the radial direction of the nanowire synthesized at 30 
min is shown in Figure 4.21. The integrated EDX spectrum shown in Figure 4.21(b) 
exhibits more intense Zn signal compared with those of Sn and O. The EDX-line 
analysis (Figure 4.21(c)) shows that maxima Zn signal occur at the edges of the 
nanowire, where the Sn intensity drops rapidly. The Zn signal exhibits a dip at the 
center of the nanowire, where the Sn signal shows a maximum. However, O is 
distributed homogenously through the nanowire. This suggests that the nanowire 
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consists of SnO2-core/ZnO-shell nanostructure. It has shell thickness of approximately 
15 nm and having core diameter of ~25 nm (Figure 4.21(c)). This structure of nanowire 
will further be confirmed by TEM-EDX elemental mapping. 
 
 
 
Figure 4.21: (a) STEM image of SnO2/ZnO nanowire grown at 30 min showing the 
linescan trajectory, (b) Integrated EDX spectrum of the nanowire, and (c) Integrated 
peak intensities as a function of spot position for Zn, Sn and O peaks. 
 
 
Figures 4.22(a)-(f) show a STEM image and EDX elemental maps for the SnO2/ZnO 
core-shell nanowire. The elemental map for Zn shows occurrence of a higher 
concentration of Zn in the outer shell region of the nanowire (Figure 4.22(d)), while O 
is uniformly distributed in the nanowire (Figure 4.22(e)). By contrast, Sn is uniformly 
distributed in the core region of the nanowire, but is absent in the shell region (Figure 
4.22(f)). On the basis of the TEM-elemental maps analysis, it further confirmed that the 
SnO2/ZnO nanowires formed in the quartz boat at shorter deposition time of 30 min and 
have a core of SnO2 and a shell of ZnO.  
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Figure 4.22: (a) STEM image of SnO2/ZnO nanowire grown at 30 min, (b) Integrated 
EDX spectrum of the nanowire, (c) Magnified image of the mapping area indicated by 
box in (a), The colour maps demonstrating the spatial distribution of different 
elements,(d) Zn, (e) O, and (f) Sn which are labelled in blue, red, green, respectively. 
 
 
TEM observations (Figure 4.23(a)) provide more detailed structural information on 
SnO2-core/ZnO-shell nanowires obtained at 30 min. The image shows that the diameter 
of the core is about 50 nm and the thickness of the shell layer is about 17 nm. A 
HRTEM image taken from an individual core-shell indicates that it is a single crystal 
with well-defined fringes (Figure 4.23(b)). The lattice spacing in the core of the 
nanowire shown in HRTEM image is 0.33 nm, close to that of (110) plane of the SnO2 
and growth direction is along [110]. The lattice spacing at the edge or shell of the 
nanowire is 0.26 nm, consistent with the (002) lattice spacing of hexagonal ZnO. The 
orientation of growth direction of ZnO shell is believed to be [001] c-axis direction (Ul 
Hasan et al., 2011).  
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Figure 4.23: (a) Typical low magnification TEM images of a single SnO2-core/ZnO-
shell nanowire deposited at 30 min, (b) HRTEM image of SnO2-core/ZnO-shell 
nanowire. 
 
 
4.4.3.3 Nanostructures obtained at 120 minutes 
EDX elemental line scan recorded across a trunk or backbone of single SnO2/ZnO 
hierarchical nanostructure obtained at 120 min is shown in Figure 4.24. An inspection 
of the STEM image shows most part of the branches broke off presumably during TEM 
sample preparation by ultrasonication (Figure 4.24(a)). As shown in EDX spectrum 
(Figure 4.24(b)), Zn signal is prominent compared with that of Sn. An elemental line 
profile displayed in Figure 4.24(c) reveals the distribution of Zn, Sn and O in backbone 
nanowire. The elemental line scan for Zn on the backbone nanowire is non-uniform and 
exhibits peaks at the edges. The line scan for Sn reveals that this is present uniformly at 
the core and is absent at the edges. It demonstrates that Sn and Zn are distributed in the 
core and shell of the backbone nanowire, respectively, while oxygen is homogeneously 
distributed throughout the whole nanowire structure. The diameter of the SnO2-core and 
the thickness of the ZnO-shell are estimated to be 100 nm and 50 nm, respectively.   
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Figure 4.24: (a) STEM image of hierarchical SnO2/ZnO nanostructure grown at 120 min 
showing the linescan trajectory of backbone nanowire, (b) Integrated EDX spectrum of 
the backbone nanowire, and (c) Integrated peak intensities as a function of spot position 
for Zn, Sn and O peaks. 
 
 
To achieve a better understanding about the distribution of Zn, Sn and O, the backbone 
nanowire of hierarchical nanostructures developed at 120 min was characterized by 
EDX-elemental mapping (Figure 4.25). Small portion of backbone nanowire was 
chosen to map the elements, which is shown in Figure 4.25(a).  EDX spectrum presents 
stronger Zn signal than Sn and O (Figure 4.25(b)). The mapping area and corresponding 
elemental maps of Zn, Sn and O are revealed in Figure 4.25(c-f). As can be seen, the Sn 
is concentrated in the core region, where as Zn and O signals are uniformly distributed 
shell and in the selected area, respectively. It confirms the formation of SnO2-core/ZnO-
shell in backbone nanowire of the hierarchical nanostructure.      
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Figure 4.25: (a) STEM image of hierarchical SnO2/ZnO nanostructure grown at 120 
min, (b) Integrated EDX spectrum of the backbone nanowire, (c) Magnified image of 
the mapping area indicated by box in (a), The colour maps demonstrating the spatial 
distribution of different elements,(d) Zn, (e) O, and (f) Sn which are labelled in blue, 
red, green, respectively. 
 
 
The distribution of the compositional elements within the branch of the hierarchical 
nanostructure was obtained by using TEM-EDX line scans along the branch‘s radial 
direction (marked by the yellow line in the Fig. 4.26(a)). As seen in Figure 4.26(b), only 
strong Zn and O signals were detected in the branch of the hierarchical nanostructure. In 
the intensity profile of the elements shown in Figure 4.26(c), only Zn and O signals are 
mainly observed in the branch. This result confirms that the secondary branch nanowire 
is composed of pure ZnO.  
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Figure 4.26: (a) STEM image of hierarchical SnO2/ZnO nanostructure grown at 120 min 
showing the linescan trajectory of branch, (b) Integrated EDX spectrum of the branch, 
and (c) Integrated peak intensities as a function of spot position for Zn, Sn and O peaks. 
 
 
To clarify the spatial distribution of the elements within the branch, EDX-elemental 
mapping was done. Figure 4.27(b) shows the TEM-EDX spectrum collected on the 
selected area of the branch in Figure 4.27(a). Two peaks of Zn and O are detected in the 
branch. The maps evidently show that the branches are enriched in Zn with a low level 
of Sn, suggesting that the Zn and O are concentrated on the branch. It is anticipated that 
the detection of very small amount of Sn is due to contamination during sonication used 
in the sample preparation. Sn signal could also come from background. Therefore, It is 
concluded that all branches are made up of pure ZnO, which are grown on top of SnO2-
core/ZnO-shell nanostructures.   
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Figure 4.27: (a) STEM image of branch of hierarchical nanostructure grown at 120 min, 
(b) Integrated EDX spectrum of the branch nanowire, (c) Magnified image of the 
mapping area indicated by box in (a), The colour maps demonstrating the spatial 
distribution of different elements,(d) O, (e) Zn, and (f) Sn which are labelled in red, 
blue, green, respectively. 
 
 
Another typical TEM image of a portion of a single SnO2/ZnO hierarchical 
nanostructure obtained for a growth time of 120 min is shown in Figure 4.28(a). It is 
evident that the nanostructure is composed of a primary trunk nanowire and secondary 
branch nanowires as shown before. It is noted that some branches broke off from the 
primary trunk nanowires during sonication used for TEM sample preparation. The 
diameter of backbone nanowire approximates 200 nm. The result coincides with the 
FESEM observations. Figure 4.28(b) exhibits the HRTEM image of surface of 
backbone nanowire. The enlarged high resolution TEM image of backbone nanowire at 
the interface between core and shell was chosen to find the clear lattice fringes, which 
are illustrated in Figure 4.28(c). The interplanar spacing with 0.27 nm is observed on 
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core of the backbone nanowire. This fringes spacing is consistent with the d-spacing of 
the (101) plane of the tetragonal crystal structure of SnO2. Another fringes spacing of 
0.26 nm was determined at the shell of the nanostructures, which corresponding to the 
(002) lattice spacing of the hexagonal crystal structure of ZnO.  
 
 
Figure 4.28: (a) Low magnification TEM images of hierarchical core-shell 
nanostructure deposited at 120 min, HRTEM images of (b) hierarchical nanostructure, 
(c) interface between core-shell structure of backbone nanowire and (d) branch 
nanostructure. 
 
Further, the red circle noticed in HRTEM observation of ZnO shell area further reveals 
the distortion of atomic arrangement due to sonication in sample preparation. These 
above results confirmed that the primary nanowires in hierarchical nanostructures are 
composed of tetragonal crystal structure of SnO2 and the hexagonal crystal structure of 
ZnO which is consistent with XRD patterns obtained. Additionally, fringes spacing of 
secondary nanowire or branch of hierarchical nanostructure with 0.26 nm match well 
with the (002) lattice spacing of the similar phase of ZnO (Figure 4.28(d)). Moreover, 
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Zhao et al. (2006) reported that the mismatch at the interfacial region between SnO2 
(010), (001) planes and ZnO (002) plane could result in many defects and stacking 
faults. In contract, this sample exhibits less defects and stacking faults due to not much 
varying lattice spacing observed (ZnO: d=0.26 nm and  SnO2: d=0.27 nm). It can be 
clearly seen that the SnO2 (101) plane has good structural compatibility with that of the 
ZnO (002) plane. 
 
From the TEM studies of the SnO2/ZnO nanostructures grown for different time periods 
it is concluded that SnO2 nanowires and SnO2-core/ZnO-shell nanowires are obtained at 
15 min and 30 min, respectively, while SnO2-core/ZnO-shell hierarchical nanostructures 
are observed at growth time exceeding 60 min. All branches in the hierarchical 
nanostructures grown for 120 min were made up of pure ZnO, which grew on top of 
SnO2-core/ZnO-shell nanostructures. Moreover, EDX spectrum of various growth 
periods of nanostructures revealed that the intensity of Zn content increased with 
increasing growth times (Amount of Zn intensity is 0, 20000 and 80000 for 
nanostructures grown at 15 min, 30 min and 120 min, respectively). Further, it can be 
seen that the diameter of nanostructures increased with increasing deposition time. 
 
4.4.4 Photoluminescence Studies 
The optical properties of the SnO2/ZnO nanostructures were characterized by 
photoluminescence spectroscopy. Photoluminescence (PL) spectra of SnO2/ZnO 
nanostructures synthesized at various deposition time excited with a 325 nm He-Cd 
laser source at room temperature are presented in Figure 4.29(a). There are three 
dominant peaks observed within the broad spectral range of 300-800 nm. The first and 
prominent emission peaks were detected within a visible emission (450-650 nm), which 
originated from defects or impurities of the SnO2/ZnO nanostructures (Fonoberov et al., 
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2006). The second stronger peaks were achieved within the wavelength of 730 nm and 
800 nm, indicating the second order feature of UV band-edge emission (Lan et al., 
2013; Mahalingam et al., 2007). The third and weakest peaks illustrate first order of UV 
band-edge emission with low PL intensity within the wavelength range of 380 and 410 
nm (enlarged view is in Figure 4.29(b)). 
 
Figure 4.29: (a) Photoluminescence (PL) spectra of SnO2/ZnO nanostructures obtained 
at different growth times, and (b) enlarged view of PL spectra of SnO2/ZnO 
nanostructures within a wavelength of 360-420 nm.  
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As shown in Figure 4.29(a), all samples have a broad visible emission centered at 
around 540 nm, indicating a green light emission. The weak and broad peak was 
achieved for pure SnO2 nanowires synthesized at 15 min. The broad peak is the result of 
the convolution of at least two emission lines: one dominating green emission with 
maximum at 520 nm and a shoulder on the long wave side of about 570 nm with a 
yellow emission. As for SnO2, the trapped emission is complicated. For example, SnO2 
nanopowder has shown two distinct PL emissions at 400 and 430 nm (Gu et al., 2003). 
Three emission peaks at 439, 486 and 496 nm were observed from the as-synthesized 
SnO2 nanoribbons (Hu et al., 2002). The beak-like nanorods exhibited a strong emission 
peak at 602 nm and the field-emission properties (He Jr et al., 2006). A broad yellow 
emission at a wavelength of around 597 nm as well as a small orange emission shoulder 
at 640 nm were reported in the nanostructured fishbone-like SnO2 (Kim et al., 2005). 
Up to now, the mechanisms of observed emissions are not yet clear. However, they 
should be associated with defect energy levels within the band gap of SnO2. Oxygen 
vacancies are well known to be the most common defects in oxides and usually act as 
radiative centres in luminescence processes. Thus, the nature of the transition is 
tentatively ascribed to oxygen vacancies, Sn vacancies or Sn interstitials, which form a 
considerable number of trapped states within the band gap (Calestani et al., 2005; Gu et 
al., 2003; He Jr et al., 2006; Hu et al., 2002; Kim et al., 2005). These trapped states 
contribute to the visible emission bands. 
 
The luminescence of the SnO2-core/ZnO-shell nanostructures obtained at 30 min and 60 
min are less strong and broader centred at 540 nm, with an extra shoulder peak of 570 
nm compared with that of nanostructures synthesized at 90 min and 120 min. An 
emission peak at 540 nm is implying that emission centers are associated to green 
emission of ZnO. The important effect on the green luminescence of ZnO nanostructure 
originate from the recombination of the holes with electrons occupying the singly 
112 
 
ionized O vacancy, and other structural defects or impurities (Hu et al., 2003; 
Vanheusden et al., 1996). The additional peak observed at 570 nm (yellow emission) in 
both nanostructures (SnO2-core/ZnO-shell nanostructures obtained at 30 min and 60 
min) is attributed to influence of SnO2 in the structure. The detailed origin of yellow 
emission from SnO2 was discussed above. The stronger and narrow emissions centered 
at 538 nm were observed in SnO2-core/ZnO-shell hierarchical nanostructures obtained 
at 90 min and 120 min. Both emissions are responsible for the typical green 
luminescence center of ZnO nanomaterials, which are originated from oxygen vacancy. 
The relatively high PL intensity was observed at longer growth time (90 min and 120 
min) of nanostructures compared with that of shorter growth time nanostructures. It 
means that longer growth time hierarchical nanostructures have more oxygen vacancy 
than shorter growth time nanostructures. Several research groups tried to determine the 
quantity of defects estimated from PL spectra in binary oxide such as ZnO (Ahn et al., 
2008; Phan & Chung, 2013). They reported that it was calculated from PL intensity 
ratio of visible luminescence to UV luminescence. However, ZnO/SnO2 nanostructure 
samples show mixed or composite structure of ZnO and SnO2. Thus, the defect 
concentration could not be quantified from PL spectra.       
 
The peaks between 750 nm and 800 nm are believed to be the second-order peaks of the 
exitonic emission (Lan et al., 2013; Mahalingam et al., 2007). This exitonic emission is 
significantly quenched at shorter growth time of nanostructures and completely 
disappears at growth time of 15 min (SnO2 nanowires). This further suggests that 
second-order peak originates from the effect of increasing amount of ZnO. As observed 
from TEM-EDS analysis, the amount of ZnO in the samples rises with increased growth 
time of nanostructures. Therefore, the second order UV peak was only observed with 
greater intensity of SnO2-core/ZnO-shell nanostructures obtained for longer growth 
time.  
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Figure 4.29(b) presents the first order UV emission detected within the wavelength of 
370 and 410 nm. It should correspond to the near band-edge emission of ZnO. Because 
of the band gap of ZnO is and 3.3 eV (~377 nm). In this work, the SnO2 nanowires do 
not show any pronounced peak that means it does not show band-to-band transition. 
Brovelli et al (Brovelli et al., 2006) reported that the 318 nm (3.9 eV) emission was 
evidence of free-exciton decay in SnO2, with an energy shift of 0.3 eV with respect to 
the bulk gap energy (3.6 eV). This emission is not observed in this work due to the limit 
of the PL detection range with a He-Cd 325 nm excitation source. A similar 
phenomenon was observed in other one-dimensional SnO2 nanostructures (Faglia et al., 
2005; He Jr et al., 2006; Kim et al., 2005). By contrast, SnO2-core/ZnO-shell 
nanostructures exhibit much stronger band-to-band transition together with 
luminescence. The UV peak centered blue shifted from 387 nm to 382 nm with 
increased growth time of nanostructures obtained from 30 min to 120 min. The blue 
shift of UV emission could be attributed to influence of increasing amount of ZnO in 
the nanostructures. In literatures, the band-edge recombination of free electrons of pure 
ZnO was reported as 382 nm (Cao et al., 2006; Guo et al., 2008; Li et al., 2005; Li et 
al., 2004). Hence, it is concluded that the nanostructures grown at 120 min act as pure 
ZnO due to more ZnO materials consumed in longer growth time. 
 
4.4.5 Growth Mechanism of SnO2-Core/ZnO-Shell Nanostructures 
According to Ellingham diagram (Ellingham, 1944) shown in Figure 4.30, the possible 
reactions involved in the growth process of nanostructures at the deposition temperature 
used in the present study are:   
)(2)()()()()(2)( // vvvvsss COCOSnZnCSnOZnO     (4.3) 
)()()(2)()()( 33 sssvvv CZnOSnOCOZnSn      (4.4)   
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Figure 4.30: Ellingham diagram for several metal oxides as a function of temperature 
showing the stability of the compounds (Ellingham et al. 1944). 
 
 
At a lower growth time of 15 min, SnO2 nanowires with a rectangular cross-section 
were obtained (Figure 4.17(a)). Generally, a compound with a lower vapour pressure 
condenses easily to form a solid phase as compared with a compound possessing a 
higher vapour pressure. It is known that SnO2 has a lower vapour pressure (10
-13.8
 bar) 
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compared with ZnO (10
-10.7
 bar ) at the deposition temperature of 900 °C (Lamoreaux et 
al., 1987a), which is shown in Figure 4.31. Due to the lower vapour pressure, SnO2 
starts to nucleate first and forms the core of the nanowires at a shorter growth time of 15 
min. If the growth time is further increased to 30 min, the partial pressure of SnO2 goes 
down, as the source (ZnO: SnO2 = 9:1) contains more ZnO than SnO2. This makes the 
vapour saturated in ZnO(v) and creates a condition for ZnO to condense on top of the 
SnO2 nanowires in the form of a shell. Therefore, SnO2-core/ZnO-shell nanowires are 
observed at a deposition time of 30 min (Figure 4.23(a)). Furthermore, hierarchical 
nanostructures are observed when the growth time further increases from 60 min to 120 
min. 
 
Figure 4.31: Vapour pressure detail of (a) SnO2 and (b) ZnO nanostructure as a function 
of temperature (Lamoreaux et al., 1987b). 
 
It is suggested that the growth of hierarchical nanostructures can be divided into two 
steps. In the first step, the SnO2 trunk nanowires grow, while the second step involves 
the growth of the ZnO shell layer on top of the SnO2 core. The thickness of the ZnO 
shell increases as more Zn vapour condenses with increased growth time. When the 
(b) (a) 
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thickness of the ZnO shell layer reaches a critical value, then it acts as the seed layer for 
the growth of ZnO branches on top of the ZnO shell layer (Liu et al., 2008). There is 
another possible reason to form 1-D branches. In XRD analysis, the (002) predominant 
peak was observed in ZnO phase (Figure 4.15), revealing the [001] oriented growth of 
the ZnO nanorods (Zhang et al., 2004). Thus, (002) plane has rapid growth rate 
compared to other planes. Therefore, the growth rate along the [001] direction is much 
faster than that of radius direction which results in the crystal with 1-D structured 
morphology (Wu & Liu, 2002). When the growth time increases to 60 min, SnO2(v) is 
mostly consumed, as source mixture contains more ZnO(s) than SnO2(s). Therefore, ZnO 
hierarchical nanostructures can grow with a further increase of growth time; whereas for 
longer growth time of 120 min, nanorods branches tend to merge into wider structures 
(Figure 4.17(e)). All branches exhibit a hexagonal cross-section, which consist of ZnO 
only (Figure 4.17(f)). These branches come out perpendicular to the trunk of nanowires. 
 
The morphology of the nanostructures depends on the growth parameters, including 
growth temperature, and the amount of starting materials (Zhang et al., 2009). Zhang et 
al. (2009) found that a starting mixture of aluminum and alumina powder around 200 
mg in weight favored the growth of regular Al2O3 nanowires, while a larger amount of 
starting material around 500 mg induced the hierarchical nanostructures. In the present 
case, the amount of ZnO and SnO2 powder in the starting material is around 732 mg and 
151 mg, respectively. A larger amount of ZnO in the starting mixture is another reason 
for the growth of ZnO nanorod branches at a longer deposition time (120 min).  
 
4.5 Gas Sensing Properties of Zn2SnO4 Nanowires 
The gas sensing properties of Zn2SnO4 nanowires were measured at different operating 
temperatures and gas concentrations for various test gases (ethanol, hydrogen, carbon 
monoxide and methane). The concentration of target gas was varied from 20 ppm to 400 
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ppm. The gas concentration was increased from 20 ppm because of the sensor system 
can measure the minimum value of 20 ppm.  
 
4.5.1 Variation of Operating Temperature 
The gas sensing experiments were conducted for various reducing gases to examine the 
sensor performance of the Zn2SnO4 nanowires. The sensitivity of a gas sensor is usually 
dependent on sensing temperature (Cao & Stetter, 1991). The sensitivity of the sensor to 
50 ppm of ethanol, hydrogen, carbon monoxide and methane were tested to determine 
an optimum temperature, and the results are shown in Figure 4.32. It can be observed 
that the sensitivity of the sensor varies with the working temperature. From the results 
of ethanol, we can see that the sensitivity increases with temperature for up to 500 °C 
and then decreases. Similar trend is also obtained for hydrogen, carbon monoxide and 
methane with much less sensitivity compared to ethanol, shown in Figure 4.32(b)-(d). 
Thus, 500 °C was determined to be the optimum temperature for ethanol detection. 
Very similar values of optimum operating temperature are observed for all gases in the 
present case, though literature indicates varying optimum temperatures for different 
gases (Wen & Tian-Mo, 2010). The variations in the optimum operating temperature for 
different gases suggest variation in the adsorption and desorption characteristics of the 
gases (Wen & Tian-Mo, 2010). This property is utilized to design selective sensors. 
However, all sensors are operated over a wide range of temperature (300-550 °C) 
leading to different thermal energies for the surface reactions (Sivapunniyam et al., 
2011). The sensitivity is very low below the operating temperature of 300 °C. It may be 
attributed to adsorbed gas molecules not being sufficiently activated to react with the 
adsorbed oxygen ion species on the surface of the sensing medium (Sivapunniyam et 
al., 2011). As the temperature is further increased above 300 °C, the activation energy 
barrier is surmounted allowing gas molecules to react with surface adsorbed oxygen 
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leading to the change in resistance and hence enhanced sensitivity (Lee & Reedy, 1999). 
The sensitivity of the sensor is observed to decrease above the temperature of 500 °C. 
This is a commonly observed phenomenon in resistive sensors since at higher 
temperatures desorption becomes dominant that leads to a decrease in sensitivity (Lee & 
Reedy, 1999; Ngo et al., 2007). 
 
 
Figure 4.32: Sensitivity of Zn2SnO4 sensor investigated at various operating 
temperatures for different gases at concentration of 50 ppm: (a) ethanol, (b) hydrogen, 
(c) carbon monoxide, and (d) methane. 
 
4.5.2 Dynamic Gas Response 
Representative dynamic gas response of the Zn2SnO4 sensor is measured upon exposure 
to ethanol, hydrogen, carbon monoxide and methane at an optimum operating 
temperature of 500 °C and the results are shown in Figure 4.33. These results imply that 
the sensor exhibits a strong response for ethanol and very little response for other three 
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gases at 500 °C. As seen in Figure 4.33, the fabricated sensors demonstrate fast 
response and recovery as well as reproducible sensitivity to ambient with different 
concentration of gases upon periodic switching from air ambient to reducing gas 
atmosphere. One of the key performance indicators for a gas sensor is to have good 
selectivity. Zn2SnO4 nanowire-based sensor exhibits high selectivity toward ethanol 
compared to the other gases (Figure 4.33(a)). The response increases rapidly with 
increasing concentration of ethanol from 20 ppm to 400 ppm. This response curve 
reveals that the sensor could detect ethanol in a wide range. Five cycles were recorded 
with the concentrations of 20, 50, 100, 250 and 400 ppm. Sensitivities of ethanol 
corresponding to the above concentrations are 4.9, 21.6, 60.8, 254, and 468, 
respectively. The sensitivities of hydrogen, carbon monoxide and methane to 400 ppm 
are 4.75, 4.55 and 2.73, respectively, which is around 100 times lower than those for 
ethanol at the same concentration (Figure 4.33(b)-(d)). The response and recovery times 
for ethanol are 120 s and 200 s, respectively for the concentration of 20 ppm. Response 
time was decreased from 120 s to 100 s with increasing concentration from 20 ppm to 
400 ppm. Similar observation was obtained for recovery time. Recovery time was 
reduced from 200 s to 60 s with increasing concentration from 20 ppm to 400 ppm   
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Figure 4.33: Five cycles of response-recovery characteristics of Zn2SnO4 nanowires 
sensor exposed to different gas concentrations at an optimum operating temperature of 
500 °C: (a) ethanol, (b) hydrogen, (c) carbon monoxide, and (d) methane. 
 
 
 
4.5.3 Variation of Gas Sensitivity with Concentration  
Sensitivity as a function of concentration for various gases is shown in Figure 4.34. The 
ethanol sensing reveals that sensitivity increased linearly with increasing gas 
concentration from 20 ppm to 400 ppm (Figure 4.34(a)). However, in cases of 
hydrogen, carbon monoxide and methane the sensitivity increased non-linearly with gas 
concentration. The sensitivity towards these gases increases linearly up to 100 ppm 
concentration. Beyond 100 ppm concentration, the sensitivity tends to reach saturation 
gradually after climbing over the point of 400 ppm concentration. Further, this sensor 
exhibits the lowest detection limit for all gases is 20 ppm. As can be seen the sensitivity 
of Zn2SnO4 nanowire-based sensors for ethanol is almost hundreds times higher than 
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the other gases at 500 °C for 400 ppm of gas concentration. Therefore Zn2SnO4 
nanowire-based sensors can be used to detect ethanol in practical application in the 
environmental field.         
 
Carbon monoxide (CO) is a one of the hazardous gas among the gases tested which 
produced by the combustion of carbon-containing fuels or the insufficient ventilation of 
natural gas (Roth et al., 2014). It is undetectable by humans. Once it enters inside the 
bloodstream of human body, CO prevents oxygen to reach living tissues. Therefore, CO 
leads the cause of death by poisoning blood in industrialized countries. The maximum 
time weighted average exposure value ascribed by the United States National Institute 
of Occupational Safety and Health is 35 ppm over an 8 h period (Goldstein, 2008; 
Health, 1992). But, Yu et al. (1998a) reported minimum detection limit for CO gas in 
ZnO-SnO2 nanocomposite-based sensor was about 200 ppm. There is no safety concern 
for under 50 ppm CO exposure for a short period of time. On the other hand, our 
Zn2SnO4 nanowire-based sensor for CO exhibits that it can be detected even at 20 ppm 
of CO with a sensitivity of ~2.25 (Figure 4.34(c)). Thus, this sensor is also suitable for 
monitoring CO.  
 
122 
 
 
 
Figure 4.34: Sensitivity of Zn2SnO4 nanowires sensor as a function of various gas 
concentrations: (a) ethanol, (b) hydrogen, (c) carbon monoxide, and (d) methane. 
 
 
4.5.4 Selectivity of Zn2SnO4 Nanowires based Sensor 
The selectivity is one of the important properties of gas sensors for practical 
applications. Theoretically, the sensors should have high response to some gases and 
little or no response to other gases in the same surroundings (Patil et al., 2010). To 
check the selectivity properties, different gases was exposed at 50 ppm to measure the 
sensitivity values as a function of operating temperatures. Figure 4.35 shows the 
comparison of sensitivity of Zn2SnO4 nanowire-based sensor at different operating 
temperatures to 50 ppm of CH4, H2, C2H5OH and CO gases. With increasing working 
temperature, the sensitivity value of Zn2SnO4 nanowire-based sensor increase gradually, 
undergoes a maximum and the decreases again. A good selectivity and high sensitivity 
of sensor was obtained for ethanol at 500 °C, while it exhibits leading sensitivity and 
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wide range of detection over various working temperature. Since the optimal operating 
temperature is high, the response and selectivity are inadequate, further research is 
required to decrease the optimal operating temperature by introducing some metal 
element (Au or Pt) or oxides (CuO or NiO). 
 
 
 
Figure 4.35: Variation of sensitivity as a function of operating temperature of Zn2SnO4 
nanowires gas sensors to 50 ppm of methane, hydrogen, ethanol, and carbon monoxide. 
 
 
Several groups have investigated Zn2SnO4 based nanowire sensor for ethanol detection. 
Detailed results obtained from various researchers are illustrated in Table 4.2. The 
present work of Zn2SnO4 based nanowire sensor achieved better sensitivity compared 
with that, of previously reported results. Thus, for having high sensitivity and 
selectivity, Zn2SnO4 based nanowire sensor is a suitable candidate for monitoring 
ethanol.    
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Table 4.2: Brief summary of Zn2SnO4 gas sensor upon exposure to 100 ppm ethanol 
 
Zn2SnO4 (ZTO) 
nanostructures 
Detection 
range 
(ppm) 
Sensitivity 
Working 
temperature 
(°C) 
References 
Zigzag nanowires 1-200 17 - Chen et al., 2011 
Hierarchical nanosrructures 10-100 34 128 Chen et al., 2011 
Quasi-cuboctahedra 30-600 34 325 Jiang et al., 2011 
ZTO-SnO2 nanocomposites 25-500 0.73 300 Lu & Tang, 2005 
3D-hierarchical flower  5-100 30.8 380 Chen et al., 2015 
Sn/ZTO nanocrystal 25-600 23 240 Han et al., 2013 
Nanowires 20-400 60.8 500 This work 
 
 
4.5.5 Sensing Mechanism for Zn2SnO4 Nanowires 
Gas adsorption and desorption is a common mechanism for gas sensing (Wang et al., 
2010). Metal oxide based sensor is exposed to air, which results in the adsorption of 2O  
on the surface of the material [ )(2)(2 adsgas OO  ]. Oxygen molecules trap electrons 
from the conduction band of the material because of their strong electronegativity hence 
induces oxygen adsorption (Geng et al., 2008). The stable 2O  ions are dominant when 
the temperature is below 100 °C [   )(2)(2 adsads OeO ]. At moderate temperature 
between 100 and 300 °C, O  ion species is more abundant than 2O [
  )()(2 2 adsads OeO ] and 
2O
 
ion is stable above 300 °C [   2
)()( adsads
OeO ] 
(Oh et al., 2009; Sadek et al., 2007; Yao et al., 2014). Due to oxygen adsorption, 
electron concentration in the conduction band drops, and the resistance of the material 
rises for an n-type oxide. When a reducing gas is introduced, a chemical reaction takes 
place between the reducing gas and the surface adsorbed oxygen, which results in 
electron injection to the surface of the material that results in the decrease of the 
resistance of the material.  
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A similar mechanism is at play in our Zn2SnO4 based sensor. Optimum sensing was 
performed above 300 °C for all test gases. Therefore 2O  ion species interact with test 
gases. When hydrogen gas is introduced, it reacts with the chemisorbed oxygen and 
produces H2O, which is expressed in equation (4.5) (Sadek et al., 2007). 
  eOHOH gads 2)(2)(
2
2       (4.5) 
Kohl et al. (Kohl, 2001) reported the methane dissociation mechanism. They stated that 
methane dissociates to a methyl group and hydrogen. Subsequently, combination of 
adsorbed hydrogen atoms produces hydrogen molecule which is described by equations 
(4.6) and (4.7). Then the hydrogen molecule reacts with the adsorbed oxygen on the 
Zn2SnO4 surface and creates H2O, which is shown by equation (4.8). 
)()(34 adsHadsCHCH        (4.6) 
2)()( HadsHadsH         (4.7) 
  eOHOH gads 2)(2)(
2
2       (4.8)  
When the sensor of Zn2SnO4 is exposed in carbon monoxide at 500 °C, the adsorbed 
CO gas then reacts with the chemisorbed oxygen anions of surface and formed CO2 gas, 
the reaction can be described as follows (equation 4.9) (Shi et al., 2014):  
  eCOOCO gads 2)(2)(
2
      (4.9)  
Catalytic oxidation of ethanol gas is known to occur through two different routes 
depending on the acid or base properties of the catalyst surface. One is a 
dehydrogenation route through CH3CHO intermediate (on the basic surface) and a 
dehydration route through a C2H4 intermediate (on the acidic surface) (Kim et al., 
2007b). But, Zn2SnO4 is an n-type semiconductor. Thus it acts as a basic oxide. 
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Therefore dehydrogenation is favoured, providing CH3CHO as the main intermediate 
when C2H5OH is introduced. Then it undergoes consequent oxidation to form CO2 and 
H2O which is shown in equations (4.10) and (4.11) (Kim et al., 2007b). 
)()( 2352 gHadsCHOCHOHHC       (4.10) 
  eOHCOOCHOCH ggadsads
10225 )(2)(
)(
2
)(3 2   (4.11)
 
When the gas sensor is exposed to the test gas, the resistance of the material decreases 
and the sensitivity increases due to the injection of electrons to the oxide as a result of 
the above reactions. According to these three test gas equations, the electron donating 
effect of ethanol (10 e ) is stronger than that of the hydrogen, carbon monoxide and 
methane (2 e ) gases. Hence, the sensitivity of ethanol is greater than that of the other 
gases for the same concentration.  
 
The enhancement of ethanol sensing performance of Zn2SnO4 nanowires can be easily 
attributed to more oxygen vacancy defects since the previous PL results showed high 
concentration of oxygen vacancy defects that exist in the as-deposited Zn2SnO4 
nanowires (Figure 4.11(a)). Theses oxygen vacancy defects, acting as active centers, 
can facilitate the adsorption of oxygen and enhance the chance of interaction with 
testing gases. Therefore, existence of oxygen vacancy is also another reason to enhance 
the gas sensitivity due to increase active centers.  
 
4.6 Sensing Performance of SnO2-Core/ZnO-Shell Nanostructures 
The sensing properties of SnO2-core/ZnO-shell nanostructures grown for different times 
were compared with various test gases (ethanol, hydrogen, carbon monoxide and 
methane) in order to demonstrate their gas sensing properties.  
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4.6.1 Variation of Operating Temperature 
Temperature is an important factor to affect the performance of gas sensors as discussed 
in the previous section 4.5.1. The gas sensing experiments were performed for SnO2-
core/ZnO-shell nanostructure grown for 90 min gas sensor at different temperatures in 
order to find out the optimum operating temperature for different gas detection. The 
effect of sensing temperature on the response of the synthesized SnO2-core/ZnO-shell 
nanostructure to 20 ppm ethanol, hydrogen, carbon monoxide and methane gases is 
shown in Figure 4.36. The relationship between the gas response and the operating 
temperature exhibits a trend of ―increase-maximum-decay‖ behaviour to 20 ppm of all 
test gases. Ethanol sensor shown in Figure 4.36(a) reveals sensitivity increase with 
increasing working temperature and reached maximum sensing value of 25.2 at 400 °C 
and thereafter the sensitivity decreases with temperature exceeding 400 °C. The sensor 
show high sensitivity and good response characteristic to ethanol at 400 °C. It indicates 
that the optimum working temperature of SnO2-core/ZnO-shell nanostructure is 400 °C. 
This working temperature is the modest from the viewpoint of other semiconducting 
oxide gas sensors such as TiO2 (Arafat et al., 2014). Similar trend was observed by 
other such gases: H2, CO and CH4 which exhibit the same optimum sensing temperature 
of 400 °C (Figure 4.34(b)-(d)). Especially, the ethanol sensor shows ~10 times 
enhanced sensitivity than that of other test gas sensors at an optimum operating 
temperature of 400 °C.  
 
Furthermore, the stability of ethanol sensor is easily attained upon exposure of ethanol 
gas. In contrast, other test gases take long time to achieve their stability, which is 
illustrated by shape of sensitivity graph. They exhibit saw-tooth shape in their time-
dependent sensitivity graphs except ethanol sensor. Additionally, a remarkable 
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difference in the shape of the sensitivity curve also depends on the operating 
temperature (Choi et al., 2013).  
Figure 4.36: Sensitivity of SnO2-core/ZnO-shell nanostructure grown for 90 min sensor 
investigated at various operating temperatures for different gases: (a) ethanol, (b) 
hydrogen, (c) carbon monoxide, and (d) methane. 
 
4.6.2 Dynamic Gas Responses 
Figure 4.37 shows the typical transient response of the SnO2-core/ZnO-shell 
nanostructures-based sensors upon exposure to 20, 50, 100, 250 and 400 ppm ethanol, 
hydrogen, carbon monoxide and methan.e at 400 °C. As clearly seen in Figure 4.37 (a), 
the SnO2-core/ZnO-shell nanostructures gas sensors shows not only high sensitivity but 
also fast response and recovery characteristics at the optimum operating temperature of 
400 °C for all the detection range of ethanol gas. SnO2-core/ZnO-shell hierarchical 
nanostructures exhibit higher sensitivity to ethanol than just SnO2 nanowires, which is 
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obtained for a deposition time of 15 min. The enhancement of the ethanol gas sensing 
performance of hierarchical SnO2-core/ZnO-shell nanostructures can be attributed to the 
greater sensing surface area due to the hierarchical structure. It can be seen from Figure 
4.37(a) that when exposed to 20 ppm ethanol, the responses are about 6.1, 20.4, 22.5, 
31.9 and 17.3 for SnO2/ZnO nanostructures grown for 15, 30, 60, 90 and 120 min, 
respectively. The results show that optimum sensing was observed for the 
nanostructures grown for 90 min. Due to the superstructure of SnO2-core/ZnO-shell 
hierarchical nanostructures, the nanostructures grown for 90 min should exhibit 
excellent sensing characteristics. As the ethanol concentration increased from 20 ppm to 
400 ppm, the sensitivity increased from 31.9 to 128, which means that the reversibility 
and repeatability of the gas sensors are excellent (Huang et al., 2005; Wan et al., 
2008a). Therefore, nanostructures grown for 90 min exhibit nearly a five-fold enhanced 
sensitivity compared to just SnO2 nanowires (which was obtained for a growth time of 
15 min). A sudden drop in the ethanol response was observed when the nanostructures 
were grown for 120 min. A possible explanation for this is given later in the discussion 
of the sensing mechanism. Good contact of SnO2-core/ZnO-shell nanostructures with 
Au contact could also be witnessed by good sensing behaviour to all test gases and 
quick recovery after the turn-off of sensing gases. However, the dynamic sensor 
response towards hydrogen and carbon monoxide are very poor compared to ethanol, 
and negligible response was obtained for methane (Figure 4.37(b)-(d)). The response 
and recovery time of sensor for SnO2-core/ZnO-shell nanostructures grown at 90 min 
was measured to be 20 s and 150 s for 20 ppm of ethanol concentration. Moreover, the 
response time shows the reducing tendency from 20 s to 10 s with an increasing ethanol 
concentration from 20 ppm to 400 ppm, while recovery time decreased from 320 s to 
200 s. 
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Figure 4.37: Time-dependent sensitivity of various growth times of SnO2-core/ZnO-
shell nanostructure sensors with different gas concentrations at an optimum operating 
temperature of 400 °C: (a) ethanol, (b) hydrogen, (c) carbon monoxide, and (d) 
methane. 
 
 
4.6.3 Selectivity of SnO2-Core/ZnO-Shell Nanostructures Based Sensor 
The bar chart of sensor responses of SnO2-core/ZnO-shell nanostructures in terms of 
sensitivity towards various gases at a fixed concentration of 20 ppm and a sensing 
temperature of 400 °C is illustrated in Figure 4.38. It shows that the ethanol is highly 
sensed by all sensors rather than that of other gases. It is noteworthy that SnO2-
core/ZnO-shell nanostructures exhibit greater sensitivity towards ethanol than just SnO2 
nanowires (growth time of 15 min). As shown in Figure 4.38, SnO2-core/ZnO-shell 
nanostructures grown for 90 min have the highest response towards ethanol. It is also 
seen that the sensors exhibit a poor response to hydrogen and carbon monoxide, and are 
almost insensitive to methane. Selectivity coefficients are calculated between the 
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highest response of the test gas and the other test gases (Zhang et al., 2011). The 
selectivity coefficients of            ,           and             (where,            
,            and             are the sensitivity ratio between ethanol and hydrogen; 
ethanol and carbon monoxide; and ethanol and methane, respectively) for SnO2-
core/ZnO-shell nanostructures grown for 90 min were determined to be about 8, 10 and 
32, respectively, to 20 ppm of test gases. The results indicate that the fabricated SnO2-
core/ZnO-shell nanostructures grown for 90 min have a much higher selectivity toward 
ethanol.  
 
Liu et al. (2011) reported that a sensor prepared using a 3D hierarchical porous ZnO 
structure functionalized by Au nanoparticles exhibited a sensitivity of 8.9 towards 50 
ppm ethanol. Xue et al. (2010) demonstrated that a Pt-loaded SnO2 nanorod sensor 
showed a sensitivity up to 9.5 towards 50 ppm of ethanol. Compared with the reported 
results, the present work shows that high sensitivity and selectivity towards ethanol 
sensors can be achieved without additives. 
 
Figure 4.38: Sensitivity bar chart of sensors towards 20 ppm of methane, hydrogen, 
carbon monoxide and ethanol. 
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The brief summary of results reported on ZnO/SnO2 gas sensor upon exposure of 100 
ppm ethanol is illustrated in Table 4.3. It clearly shows that the SnO2-core/ZnO-shell 
hierarchical nanostructures obtained at growth time of 90 min exhibits greater 
sensitivity among previously reported results for 100 ppm of ethanol. Therefore, the 
present ethanol sensor can be used to detect ethanol in environmental monitoring. Even 
though, the present ternary Zn2SnO4 nanowire sensor shows reduced ethanol gas 
response (60.8) compared to SnO2-core/ZnO-shell sensor (76) at same concentration of 
100 ppm.      
 
Table 4.3. Brief summary of ZnO/SnO2 gas sensor upon exposure to 100 ppm ethanol 
 
ZnO/SnO2 nanostructures 
Detection 
range 
(ppm) 
Sensitivity 
Working 
temperature 
(°C) 
References 
SnO2/ZnO hierarchical 
nanostructures 
25-500 6 400 Khoang et al., 2012b 
ZnO-SnO2 nanofiber 1-10000 18 300 Song & Liu, 2009 
ZnO-SnO2 hierarchical 
nanostructures 
10-1000 30 300 Li et al., 2011 
Mesoporous ZnO-SnO2 
nanofibers 
5-10000 21 300 Song et al., 2009 
flower-like ZnO-SnO2 
composite 
5-100 3.4 400 Cui et al., 2012 
SnO2/ZnO composite 
nanofibers 
27.7-5000 6 360 Khorami et al., 2011 
SnO2- core/ZnO-shell 
nanowires 
25-500 14.05 400 Thanh Le et al., 2013  
ZnO-doped porous SnO2 
hollow nanospheres 
10-500 14.7 150 X. Ma et al., 2013 
SnO2 doped ZnO thin film 1-200 40 450 Nanto et al., 1996  
SnO2- core/ZnO-shell 
hierarchical nanostructures 
obtained at 90 min 
20-400 76 400 This work 
 
 
 
4.6.4 Sensing Mechanism for SnO2-core/ZnO-shell Nanostructures 
According to the above sensing results, SnO2-core/ZnO-shell nanostructure sensors 
exhibit significantly improved ethanol sensing properties compared with just SnO2 
nanowires grown for 15 min. The improvement in the sensing property is thought to be 
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related to the core/shell nanostructures. ZnO and SnO2 are n-type semiconductors with 
different band gaps, electron affinities and work functions which is shown in Table 4.4. 
 
Table 4.4. The value of electronic properties of ZnO and SnO2 nanostructures 
(Robertson et al., 2006; Zhang et al., 2010; Zheng et al., 2009). 
 
Electronic properties ZnO (eV) SnO2 (eV) 
electron affinity (χ) 4.3 4.5 
work function (φ) 5.2 4.9 
band gap (Eg) 3.37 3.6 
  
As seen in Figure 4.23(a), a heterojunction has formed at the interface between SnO2-
core and ZnO-shell. Figure 4.39 shows the possible energy band diagram of the 
fabricated SnO2-core/ZnO-shell nanostructures. Figure 4.39 (a) shows that ZnO has a 
lower work function than SnO2. Therefore, electrons are transferred from SnO2 to ZnO 
until both Fermi levels become equal (Zheng et al., 2009), which is shown in Figure 
4.39(b). An electron depletion layer is formed at the interface between SnO2 and ZnO, 
leading to a heterojunction barrier due to band bending. The enhanced sensing 
properties is ascribed to the variation of the heterojunction barrier when exposed to 
various kinds of gases (Chen et al., 2011a).  
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Figure 4.39:  Energy band diagram of (a) SnO2 and ZnO, and (b) SnO2-core/ZnO-shell 
nanostructures (adapted from Zhang et al., 2011; Zhang et al., 2010; Zheng et al., 
2009). 
 
Electron depletion region theory is widely used in explaining sensing mechanism 
(Wang et al., 2010). Electrons in the ZnO shell is depleted by adsorbing oxygen 
molecules from the air, leading to the formation of various ionized forms (O2
−
, O
2−
, O
−
) 
(Hsueh et al., 2007b) when the SnO2-core/ZnO-shell nanostructures are exposed to air. 
When the core/shell sensor is exposed to ethanol, it reacts with adsorbed oxygen and 
releases the trapped electrons back to the conduction band of the ZnO shell by the 
dehydrogenation process (Zhu et al., 2012), because ZnO and SnO2 are basic oxides. 
Thus, the resistance of the core/shell sensor is decreased, and the response is 
augmented. This fact is also supported by the fact that the resistance of just SnO2 
nanowires is ~7.5 MΩ, which is greater than that of the SnO2-core/ZnO-shell 
nanostructures (~3.5 MΩ). The thickness of the shell is also another important 
parameter in gas sensing (Chen et al., 2011a). In gas sensors, the thickness of the shell 
material must be close to the Debye length of nanomaterials for the sensor to exhibit 
enhanced sensitivity (Park et al., 2013b). This effect is called a synergistic effect. The 
value of the Debye length for metal oxides is in the range of 3–30 nm, which depends 
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on the sensing material, charge carrier concentration and ambient temperature (Barsan 
& Weimar, 2001; Ogawa et al., 1982).  
The width of the surface depletion layer is in the order of the Debye length λD, which 
can be expressed as follows (Park et al., 2013a): 
       √
    
    
     (4.5) 
where ε is the static dielectric constant (=8.75×8.85×10−12 F/m in ZnO), k is the 
Boltzmann constant (=1.38×10
−23
 J/K), T is the sensing temperature in K, q is the 
electrical charge of the carrier (=1.6×10
−19
 C) and n is the carrier concentration.  
Park et al. (2013a) calculated the carrier concentration (5.1×10
16
/cm
3
)
 
and Debye length 
(21.7 nm) of ZnO shell on Zn2SnO4-core/ZnO-shell nanorods at a sensing temperature 
of 300 °C. But, since ZnO is a n-type non-degenerate semiconductor, therefore the 
carrier concentration of ZnO can be described as follows (Zeghbroeck, 2011): 
          
       
  
 
         (4.6) 
Using the above two equations (4.5) and (4.6), the calculated value of carrier 
concentration and Debye length (λD) at 400 °C are 5.0×10
16
/cm
3
 and 23.8 nm, 
respectively. This means that gas molecules not only deplete the electrons in the ZnO 
shell layer, but also take electrons from the SnO2 core. The shell thickness of nanowire 
grown for 30 min is slightly small (~20 nm) (Figure 4.23(a)) compared to calculated 
value (23.8 nm). Therefore, in SnO2-core/ZnO-shell nanowires, the heterojunction 
barrier at the interface of the core and shell should also be considered because electron 
transport is modulated by the heterojunction. 
The calculated value of surface area of just SnO2 and SnO2-core/ZnO-shell nanowires 
obtained for 15 min and 30 min samples are 20.56 m
2
/g and 19.23 m
2
/g, respectively. 
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Just SnO2 nanowires grown for 15 min have high surface area than SnO2-core/ZnO-
shell nanowires grown for 30 min. Because, lower growth time nanostructures have 
small diameter compared to longer growth time nanowire. As a result just SnO2 
nanowire has high surface area. But, SnO2-core/ZnO-shell nanowires grown for 30 min 
sensor exhibited enhanced ethanol sensing compared to just SnO2 nanowire. Therefore, 
the dominant sensing mechanism is synergistic effect of encapsulation of SnO2 by ZnO 
nanostructures (heterojunction) than surface area.   
As described above, the proposed mechanism for the enhanced ethanol sensing of the  
SnO2-core/ZnO-shell hierarchical nanostructures grown for 60 min and 90 min is 
attributed to the synergistic effect of the encapsulation of SnO2 by ZnO nanostructures 
and the increased surface sites in the hierarchical structure. On the other hand, if the 
thickness of the shell is larger than 45 nm, the core/shell nanostructures have weak 
sensing characteristics (Chen et al., 2011a). The thickness of the ZnO shell determined 
was increased to ~50 nm when the core/shell nanostructures were grown for a longer 
time of 120 min (Figure 4.24(c)). Thus, this sensor could not meet the synergistic effect, 
due to the increased shell thickness of 50 nm. But, the sensor sensitivity towards ethanol 
is high for core/shell hierarchical nanostructures grown for 90 min compared with 60 
min growth time nanostructures. It may be due to increased sensing sites owing to 
increased surface area. Because the calculated surface area of nanostructures grown for 
60 min has lower surface area (11.62 m
2
/g) than that of nanostructures obtained for 90 
min (16.17 m
2
/g).  
Moreover, the thickness of the ZnO shell (~50 nm) is higher compared to core-shell 
nanostructures grown for 60 min and 90 min, due to the added amount of Zn condensed 
on the nanostructures with increased growth time (Figure 4.24(c)). Therefore, SnO2-
core/ZnO-shell nanostructures grown for 120 min behave just ZnO nanowire sensors. For 
a longer growth time of 120 min, the branches of the SnO2-core/ZnO-shell hierarchical 
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nanostructures tend to merge into coarser structures (Figure 4.17(e)) and calculated 
surface area has also low value (6.49 m
2
/g) compared to nanostructures obtained at 60 
min (11.62 m
2
/g) and 90 min (16.17 m
2
/g). As a result, sensing surface areas are 
reduced compared to other hierarchical core/shell nanostructures. Therefore, the sensor 
fabricated using SnO2-core/ZnO-shell hierarchical nanostructures deposited at 120 min 
exhibits lower sensing response than SnO2-core/ZnO-shell hierarchical nanostructures 
deposited at 90 min, because of their reduced sensing surface and shell thickness being 
greater than the Debye length. From these results, it is concluded that the size and 
morphology of nanostructures have significant influence on their sensing response to 
ethanol gas. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
In this thesis, the simultaneous synthesis of Zn2SnO4 nanowires and SnO2-core/ZnO-
shell nanostructures by a single-step carbon-assisted thermal evaporation technique is 
reported. A mixture of zinc oxide, tin oxide and carbon powder mixture was used as the 
source to grow these nanostructures. The mixture was loaded in a quartz boat inside 
tube furnace, and a Au coated alumina substrate was placed at near the quartz boat with 
opposite direction of gas flow. Purified Ar was purged in the furnace at elevated 
temperatures. Grey and white-wool like deposits formed on Au coated alumina 
substrate and at the side as well as on the top of the quartz boat, respectively. Sensors 
based on these two types of nanostructures were fabricated for various reducing gases. 
The results obtained from the present work have led to the following conclusions.  
 
Nanostructures Growth on Au Coated Alumina Substrate: 
 Zn2SnO4 nanowires grew on the Au coated alumina substrate following the 
vapour-liquid-solid (VLS) mechanism. 
 Sputtered Au layer acted as a catalyst and the formation of the ternary Zn2SnO4 
nanowires was due to the intermediate liquid state during the growth. 
 The length and diameter of Zn2SnO4 nanowires depend on growth temperature, 
growth time, and the distance between the source and the substrate.  
 The optimum growth condition for nanowires was achieved at 9 cm away from 
the center of furnace, at a growth temperature of 834 °C and a growth time of 2 
hours. 
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Nanostructures Growth on Quartz Boat: 
 The white fluffy deposit found on the quartz boat was found to be SnO2-
core/ZnO-shell type nanowires as well as hierarchical nanostructures.  
 Both hierarchical and core-shell nanostructures formed in the quartz boat were 
suggested to grow by vapour-solid (VS) mechanism as there was no catalyst 
involved. 
 At shorter growth duration of 15 min, only SnO2 nanowires with a rectangular 
cross-section were found in the quartz boat, while the SnO2-core/ZnO-shell 
structure was observed when the growth time was increased to 30 min. 
 Hierarchical core-shell nanostructures were obtained at growth time exceeded 60 
min. Hexagonal cross-section ZnO branch nanowires in the hierarchical 
nanostructures were built up on top of ZnO shell when growth time was 
increased to 60 min.  
 The growth of SnO2-core/ZnO-shell nanowires and hierarchical nanostructures 
are due to variation of vapour pressures between ZnO and SnO2 at a growth 
temperature of 900 °C. 
 
Gas Sensing Performance: 
 Sensing performance of Zn2SnO4 nanowires and SnO2-core/ZnO-shell 
nanostructures based sensor was studied for various reducing test gases 
including ethanol, methane, carbon monoxide and hydrogen. 
 Sensors based on Zn2SnO4 nanowires exhibited greater sensitivity of 60.8 for 
100 ppm at an operating temperature of 500 °C. Ethanol was selectivity detected 
with quick response and recovery times. 
 The enhanced sensitivity of Zn2SnO4 nanowires based sensor was due to high 
aspect ratio of entangled nanowires with a greater electrons donating effect 
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during adsorption-desorption. This effect was observed to be stronger in ethanol 
compared to other gases. 
 Sensors based on SnO2-core/ZnO-shell nanostructures obtained at a growth time 
of 90 min exhibited enhanced sensitivity to ethanol in the presence of methane, 
carbon monoxide and hydrogen.  
 The sensitivity of SnO2-core/ZnO-shell nanostructures grown for 90 min sensor 
was about 5-times higher than that of pristine SnO2 nanowires towards 20 ppm 
ethanol at an operating temperature of 400 °C.  
 The improvement in ethanol gas response for SnO2-core/ZnO-shell hierarchical 
nanostructures grown for 90 min sensor was attributed to high active sensing 
sites and the synergistic effect of the encapsulation of SnO2 by ZnO 
nanostructures. 
 SnO2-core/ZnO-shell nanostructures based sensors exhibited excellent 
sensitivity towards ethanol compared with Zn2SnO4 nanowires based sensors. 
 
5.2 Recommendations for Future Work 
The results obtained from this thesis point out to numerous interesting directions for 
future work: 
 This work proved that the carbon-assisted thermal evaporation process is an efficient 
method to grow high-quality ternary and core-shell nanostructures at moderate-
temperatures. However, the combination of ZnO-TiO2 and SnO2-TiO2 has relatively 
similar electronic properties. Therefore, this metal oxide composites can also be used 
to synthesis the similar process.  
 This study mainly focused on simultaneous synthesis of SnO2-core/ZnO-shell 
nanostructures and Zn2SnO4 nanowires by single-step process for gas sensing 
application. Numerous literatures stated that optimized gas sensing properties could 
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be obtained by varying the shell thickness of core-shell nanostructures. According to 
that, the effect of ZnO shell thickness from different growth time on gas sensing 
properties can be studied. 
 The reducing gases C2H5OH, CO, H2 and CH4 were tested in this present work. The 
gas sensing properties of SnO2-core/ZnO-shell nanostructures sensor can be extended 
to oxidizing gases (NO2, O3) and other reducing gases such as: H2S, CH3OH 
(methanol), benzene, toluene, TMA (Trimethylamine) and ammonia to check the 
selectivity towards ethanol. 
 The present work exhibits that gas sensing properties of SnO2-core/ZnO-shell 
hierarchical structures are enhanced by increased active sensing surface area. This 
sensing properties of SnO2-core/ZnO-shell nanostructures should be further 
improved by spill-over effect or n-p type heterojunction using decoration of 
functional metal oxides (NiO, CuO) or noble metal nanoparticles (Au, Ag, Pt, Pd).  
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